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SUMMARY     . 
Titanium and its alloys have been widely used in biomedical devices and implants. 
Surface modifications of titanium and its alloys are usually employed to further 
enhance their biocompatibility and biological functions, while retaining their intrinsic 
bulk properties. In this work, titanium surfaces were modified via surface-initiated 
atom transfer radical polymerization (ATRP) and bioconjugation to tailor their 
functionalities. Further functionalization of the grafted surfaces via biomolecular 
immobilization or post derivatization was carried out and the biological performance 
of the resulting substrates was assayed. 
 
Brushes of poly(poly(ethylene glycol)methacrylate) or P(PEGMA), 
poly((2-dimethylamino)ethyl methacrylate) or P(DMAEMA), and 
poly(2,3,4,5,6-pentafluorostyrene) or P(PFS), as well as their block copolymers, were 
tethered on the silane-coupled titanium surfaces via ATRP. Diblock copolymer 
brushes consisting of PEGMA and DMAEMA blocks were obtained by using the 
initial homopolymer brushes as the macroinitiators for the ATRP of the second 
monomer. The compositions of functionalized surfaces were analyzed by X-ray 
photoelectron spectroscopy (XPS). The wettability of the titanium surfaces could be 
modified by surface initiated ATRP of different monomers. The functional 
polymer-metal hybrids were found to be stable to hydrolysis. 
 
Both antibacterial effects and enhancement in mammalian cell adhesion were achieved 
separately on different titanium surfaces via controlled surface graft polymerizations 
and post functionalization. Surface-initiated ATRP of 2-hydroxyethyl methacrylate 
(HEMA) was carried out on titanium surface. The pendant hydroxyl end groups of the 
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grafted HEMA chains were then converted into carboxyl or amine groups to allow the 
coupling of gentamicin, penicillin, or collagen via the carbodiimide chemistry. The 
covalently immobilized antibiotics retain the antibacterial properties, as indicated by a 
significant reduction in the viability of contacting Staphylococcus aureus. The 
collagen-immobilized surfaces, on the other hand, promote fibroblast and osteoblast 
adhesion and proliferation. Thus, the present surface-initiated living radical graft 
polymerization technique allows the tailoring of Ti surface with vastly different 
functions and is potentially useful to the design or improvement of Ti-based 
biomedical implants. 
 
In an attempt to prepare the desirable implants which can simultaneously inhibit 
bacterial adhesion and promote osteoblast functions, titanium was functionalized with 
a biomimic anchor molecule, dopamine. The dopamine-modifed titanium surfaces 
conjugate with heparin via the carbodiimide chemistry. The covalently immobilized 
heparin significantly reduces the adhesion of the two bacteria strains (Staphylococcus 
aureus and Staphylococcus epidermidis) tested. At the same time, osteoblast cells 
adhesion, proliferation, and alkaline phosphatase activity can be enhanced, depending 
on the dopamine and heparin concentration. Thus, the technique of using dopamine 
together with heparin to functionalize Ti surfaces is a potentially useful mean to 
combat biomaterial-centered infection and enhance osseointegration.  
 
The possility of preparing ideal biomedical implants, which can simultaneously inhibit 
bacterial adhesion and promote osteoblast functions, have also been explored with the 
silk-functionalized titanium. Titanium surfaces were modified with poly(methacrylic 
acid) (P(MAA)) followed by immobilization of silk sericin. With the coupling of ATRP 
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initiator, titanium was modified via surface-initiated ATRP of methacrylic acid sodium 
salt (MAAS). The pendant carboxyl end groups of the grafted and partially protonated 
MAA chains were subsequently coupled with silk sericin via the carbodiimide 
chemistry. The covalently immobilized MAA brushes significantly reduce the adhesion 
of the two bacteria strains tested. The silk sericin immobilized surfaces, at the same 
time, promote osteoblast cells adhesion, proliferation, and alkaline phosphatase activity. 
Thus, the P(MAA) and silk sericin functionalized Ti surfaces have potential 





AA  acrylic acid 
AAm  acrylamide 
AFM  atomic force microscopy 
ALP  alkaline phosphatase 
ANOVA  one-way analysis of variance 
APS  (3-Aminopropyl)trimethoxysilane 
Ar  Argon 
ATCC  American Type Culture Collection 
ATRP  atom transfer radical polymerization 
B. mori  Bombyx mori 
BE  binding energy 
BMP  bone morphogenetic protein 
Bpy  2,2'-Bipyridine 
–COOH  carboxyl group 
cp  commercially pure 
CuCl  Copper(I) Chloride 
CuCl2  Copper(II) Chloride 
CVD  chemical vapor deposition 
DMAEMA  (2-dimethylamino)ethyl methacrylate 
DMAP  4-(dimethylamino)pyridine;  
DMEM  Dulbecco's modified Eagle’s medium 
DMF  dimethyl formamide 
ECM  extracellular matrix 
EDAC  1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
EDTA  ethylenediaminetetraacetic acid  
eV  electronvolt, a unit of energy 
FTIR  Fourier transform infrared 
FWHM  full width at half-maximum  
-g-  graft 
GE  gentamicin sulfate 
GMA  glycidyl methacrylate 
h  hour 
HA  hydroxyapatite 
HEMA  2-hydroxyethyl methacrylate 
HF  hydrofluoric acid 
HRB  hardness Rockwell B scale 
HRC  hardness Rockwell C scale 
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IR  infrared 
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MAAS  methacrylic acid sodium salt 
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MMA  methyl methacrylate 
MW  molecular weight 
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SEM  scanning electron microscopy 
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PROJECT SCOPE     .
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Over the last two decades, titanium and its alloys have been used extensively in 
biomedical devices and components (Brunette et al., 2001). However, titanium and its 
alloys are yet able to meet many of the stringent clinical requirements. In order to 
improve their biological and biomedical performance, surface modification is often 
performed. Recent work has shown that the wear resistance (Bloyce et al., 1998; 
Shigematsu et al., 2000), corrosion resistance (Bloyce et al., 1998; Krupa et al., 1999; 
Krupa et al., 2002), and biological performance (Zhang et al., 1996; Wang et al., 2000; 
Viornery et al., 2002) of titanium and titanium alloys can be selectively improved 
using appropriate surface modification techniques, while retaining the desirable bulk 
properties of the materials. These technologies exploit physical adsorption via van der 
Waals force, hydrophobic interaction and electrostatic interaction, as well as direct 
chemical bondings.  
 
Tethering of polymer brushes, via covalent bonding, on a solid substrate is an effective 
means of modifying the surface properties of the substrate, such as wettability 
(Matsuno et al., 2004), biocompatibility (Xu et al., 2005) and corrosion resistance 
(Yuan et al., 2009). Polymer brushes can be described as polymer chains tethered to a 
surface or interface with a sufficiently high grafting density (Tsujii et al., 2006). In 
many cases, the dense polymer brushes can provide excellent shielding of the substrate, 
alter the electrochemical and interfacial characteristics of the substrate, and provide 
new pathways to the functionalization of substrate surfaces for molecular recognition 
and interaction (Anraku et al., 2007; Chiari et al., 2008; Kitano et al., 2009). 
 
The synthesis of polymers with well-defined composition, architecture, and 
functionality has long been of great interest in polymer chemistry. The recently 
Chapter 1 
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developed atom transfer radical polymerization (ATRP) is a “living” or “controlled” 
radical polymerization technique, which does not require stringent experimental 
conditions. ATRP allows for the polymerization and block copolymerization of a wide 
range of functional monomers in a controlled fashion, yielding polymers with narrowly 
dispersed molecular weights. Moreover, ATRP is tolerant of monomers with polar 
functionality. Thus, it allows the direct polymerization of functional monomers 
without involving the tedious protection and deprotection procedures (Matyjaszewski 
et al., 1999; Kamigaito et al., 2001). ATRP has been shown to be an effective method 
of tethering polymer brushes on a solid substrate (Tsujii et al., 2006). 
 
Silane chemistry has been applied to titanium oxide surfaces to promote metal-metal 
and metal-polymer adhesion (Finklea and Murray, 1979; Xiao et al., 1997). The 
commonly used alkylchlorosilanes and alkylalkoxysilanes self-assemble on the surface 
of titanium via the formation of polysiloxanes in situ. Due to the high reactivity of 
alkylchlorosilanes, it will serve as a good coupling agent for the immobilization of 
ATRP initiator on titanium substrates. 
 
This PhD project aims to modify titanium surfaces with a series of biologically active 
molecules to improve the performance of titanium substrates for biomedical 
applications.  
  
In Chapter 2, the properties of titanium and its applications in biomedical field are 
summarized. Various surface modification techniques to improve corrosion resistance, 




In Chapter 3, polymer brushes were tendered on the titanium surfaces via 
surface-initated ATRP, after the activation of natural oxide layer of the titanium 
substrate by a silane coupling agent containing the ATRP initiator. The 
modified-titanium surfaces were analyzed by X-ray photoelectron spectroscopy (XPS) 
and water contact angle measurements. Hydrolytic stability of the resulting organic 
layers attached to the oxides of the titanium surfaces was investigated.  
 
In Chapter 4, the ATRP technique was extended to impart antibacterial effects and 
enhanced cell adhesions on Ti surfaces. After immobilization of the ATRP initiator via 
action of the silane coupling agent, chains of poly(2-hydroxyethyl methacrylate) 
(P(HEMA)) are tethered on the Ti substrate via surface-initiated ATRP. The pendant 
hydroxyl groups of P(HEMA) are converted to carboxyl or amine groups, to allow the 
covalent immobilization of antibiotics and collagen molecules on the Ti surfaces. The 
antibacterial behavior of the antibiotics-immobilized Ti surfaces was compared to that 
of the Ti surface modified with polymers containing quaternary ammonium groups. 
Proliferation and adhesion properties of mammalian cell on the collagen-coupled Ti 
surfaces were also investigated. 
 
In Chapter 5, heparinized Ti surface was explored as surface having simultaneous 
antibacterial effects and enhanced osteoblast functions. The heparin molecules were 
tethered on the Ti substrate via the biomimetic anchor, dopamine. Bacterial adhesion 
behavior on the heparin-functionalized Ti surfaces was assayed and compared to that 
on the pristine Ti surface. Osteoblast adhesion, proliferation, and alkaline phosphatase 




In Chapter 6, ATRP was employed as an alternative to impart different functions, viz., 
antibacterial adhesion and enhanced osteoblast functions, concomitantly on the same 
functionalized Ti surface. After immobilization of the ATRP initiator, chains of 
poly(methacrylic acid) (P(MAA)) were tethered on the Ti substrate via 
surface-initiated ATRP of methacrylic acid sodium salt (MAAS). Silk sericin was then 
covalently immobilized on the Ti surfaces via reaction with the pendant carboxyl 
groups on P(MAA). Bacterial adhesion behavior and osteoblast adhesion, proliferation, 
and ALP on the silk-coupled Ti surfaces were investigated. 
 
Chapter 7 gives the overall conclusion of the present work, followed by Chapter 8, 
which gives some recommendations for further work on related areas.  
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CHAPTER 2  




In the preface of the proceedings of an International Conference on the Science, 
Technology, and Applications of Titanium, Promisel wrote: “Never has there been, as 
in the case of titanium, the concentration of scientific and technical devotion to a 
single metal, with so much money, over such diversified areas, both technical and 
geographical. Never has a metal invited and received such attention, not only from the 
technical viewpoint, but also from the political arena and the world of finance. Never 
has a metal, normally considered so mundane, been so extravagantly described as the 
wonder metal, the glamour metal and the metal of promise.” (Promisel and Jaffee, 
1970) Despite the great length of time since the notion was given, it is still relevant 
today and there are no signs that the attitude and the interest of the research 
community toward titanium has ever changed. 
 
Today, extensive research in materials science and engineering has led to the 
development of numerous metals and alloys for biomedical applications. Among them, 
titanium and its alloys have been extensively used as a key material in biomedical 
devices and components (Brunette et al., 2001). They are widely used throughout the 
world in a multitude of different surgical applications, especially as hard tissue 
replacements, as well as in cardiac and cardiovascular applications, because of their 
desirable properties, such as relatively low modulus of elasticity, good fatigue strength, 
formability, excellent corrosion resistance, and biocompatibility. 
 
2.1  Properties of Titanium and its Alloys 
2.1.1 General Physical Properties 
Titanium is a transition element, and has an atomic number of 22 and atomic weight of 
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47.9. Titanium forms divalent, trivalent and quadrivalent compounds and shows some 
resemblance to silicon by forming titanates which are isomorphous with silicates. Such 
a variable valency is to be expected from a transition element where there are 
incomplete inner electron orbits. 
 
Titanium is a very light metal, having a density of 4.505 g/cm3 at 25 °C. Since 
aluminum is a lighter element and vanadium is barely heavier than titanium, the 
density of the commonly used titanium-aluminum-vanadium alloys is very similar to 
that of pure titanium. One consequence of the low density is the relatively weak X-rays 
absorption, although most implanted titanium devices should still be readily detectable. 
In the elemental form, the melting point of titanium is about 1665 °C and it possesses a 
hexagonal closely packed crystal structure (hcp, α phase) up to a temperature of 882.5 
°C. Titanium transforms into a body centered cubic structure (bcc, β phase) above this 
temperature (Collings, 2004). 
 
2.1.2 Reactivity and Surface Properties 
The fact that it took over 150 years after its first discovery in 1791 for titanium to 
become a commercially available and useful metal is largely attributed to the difficulty 
encountered in extracting the metal from the ore (Williams, 1981). The metal is so 
reactive at the temperatures one might use for extraction processes, that not only is it 
necessary to use ingenious methods for the extraction, but impurities are also always a 
problem and these may very seriously affect the properties of the metal (Williams, 
1981).  
 
Today, the industrial process for titanium extraction is readily available, but surface of 
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the commercially pure titanium (cpTi) is essentially a titanium-oxygen alloy, with 
oxygen soluble in titanium at room temperature. At least three oxide phases, TiO, 
Ti2O3, and TiO2 may be formed, and the characteristic of films grown at room 
temperature is illustrated in the schematic diagram shown in Figure 2-1 (Brunette et al., 
2001). There has been a considerable amount of scientific and technical researches on 
the structure, composition and properties of titanium and its alloys, and many of the 
favorable properties are found arising from the presence of the surface oxide of 
titanium (Williams, 1981). It is well known that a native oxide film grows 
spontaneously on the surface upon exposure to air, and the titanium oxide film is 
typically only a few nanometers thick (Sittig et al., 1999). The atomic composition and 
oxide thickness of mechanically polished cpTi surfaces characterized by X-ray 




Table 2-1  Typical XPS atomic composition of the oxide film and oxide layer thickness 











Ti 14.8 ± 1.6 21.5 ± 1.1 26.1 ± 0.9 27.8 ± 0.8 
O 46.8 ± 1.9 51.5 ± 2.0 54.4 ± 2.0 58.8 ± 1.5 
C 30.9 ± 2.1 25.1 ± 2.2 19.0 ± 2.9 12.8 ± 1.8 
N 0.6 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 0.6 ± 0.2 
Si 1.0 ± 0.4 Not detected Not detected Not detected
Ca 0.9 ± 0.3 0.2 ± 0.1 Not detected Not detected
Pb 0.3 ± 0.2 0.3 ± 0.2 Not detected Not detected
Zn 0.7 ± 0.6 0.6 ± 0.3 Not detected Not detected
Cu 0.4 ± 0.1 0.5 ± 0.1 Not detected Not detected
O/Ti atomic ratio 2.54 ± 0.14 2.39 ± 0.12 2.08 ± 0.03 2.12 ± 0.04 
Oxide layer thickness 
(nm) 









The titanium metal surface forms an oxide layer, mainly composed of the most stable 
oxide TiO2, with a typical thickness of 3-7 nm. After an initial rapid increase of the 
oxide layer thickness (hours or days), the thickness only slowly increases further over 
longer periods of time (months to years). In fact, as discussed later, the excellent 
chemical inertness, corrosion resistance, repassivation ability, and even 
biocompatibility of titanium and most other titanium alloys are all believed to result 
from the chemical stability and structure of the oxide film. The typical properties of 




1 The native oxide film shows a gradient of oxide stoichiometry and titanium 
oxidation states, varying from +IV to zero: TiO2 (+IV), Ti2O3 (+III), TiO (+II), Ti (0, 
elemental metal). Due to the limited solubility of oxygen in titanium metal, the [O]:[Ti] 
atomic ratio is much lower in the bulk, but not zero. 
 
2 Hydroxide and chemisorbed water are strongly bounded to the Ti cations at the 
outermost surface with properties depending on the surface fabrication conditions and 
history of the sample; additionally a film of weakly bound, physisorbed water is 
present. 
 
3 Due to the high reactivity of a clean Ti surface and the presence of hydrocarbons in 
the ambient atmosphere, contamination of the surface by adsorption of adventitious 
organic molecules cannot be avoided under normal industrial production or laboratory 
conditions. The amount of contamination exist on the surface layer largely depends on 
the history of the sample and increases with the time of storage under ambient 
conditions. 
 
2.1.3 Corrosion Properties 
Titanium is one of the most corrosion resistant engineering materials. It can be used in 
a wide range of aqueous solutions and over a wide range of temperatures without 
significant dissolution. Some of the exceptions are strong solutions of some acids, 
particularly sulfuric, hydrochloric, phosphoric, oxalic, and formic acids, and also 
solutions containing the fluoride ion. Of greater importance, titanium is virtually 
uncorrodable in near neutral solutions, especially those containing the chloride ion 
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which attack most metals and alloys. For this reason, titanium is used extensively to 
handle sea water, in for example, power station condensers, where no detectable 
corrosion occurs during many years in service (Lutjering and Williams, 2007). 
Corrosion resistance in metal implants is also critical for biocompatibility and 
mechanical integrity of the implants. Corrosion and oxide film dissolution are the main 
mechanisms for releasing ions from the implants into the body, which can adversely 
affects biological function of surrounding tissues and can lead to mechanical failure of 
the device. It is also this corrosion resistance in saline environments that forms the 
basis for the use of titanium in biomedical application. Fortunately the corrosion 
resistance of the pure titanium is largely carried with it into the alloys as well. 
Titanium-based alloys, such as Ti-6Al-4V has similar corrosion resistance as pure Ti, 
due to the formation of a stable oxide on their surface. Ti-6Al-4V has a breakdown 
potential (the potential at which the passive oxide film breaks down) of 1.9V, whereas 
the breakdown potential of 316L stainless steel is 0.28V. Moreover, the corrosion rate of 
Ti-6Al-4V is 0.007 mils/year, which is much lower than that of 316L stainless steel 
(0.17 mils/year) (Gurappa, 2002).  
 
In vivo implanted materials initially come in contact with extracellular body fluids, 
such as blood and interstitial fluids. Although normally the pH value of blood and 
interstitial fluid is about 7.4 (Huang et al., 2003), after implantation the value 
decreases to around 5.2 in the hard tissue and later increase to 7.4 within 2 weeks 
(Hench and Ethridge, 1975). In addition, all potential mechanisms of corrosion in vivo 
should be taken into account, such as crevice corrosion, galvanic corrosion, 
inflammatory cell induced corrosion. If metallic materials are corroded in vivo by the 
body fluids, leading to release of metal ions into the body fluid for a prolonged period 
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of time, ions may combine with various enzymes in vivo and toxicity or allergy may 
occur. Thus, the corrosion resistance of metallic biomaterials is important.  
 
As discussed previously, pure titanium is a highly reactive metal which is unstable in 
the presence of both air and water. Paradoxically, it is this reactivity that makes the 
metal so resistant to attack by many aqueous environments. In particular, titanium 
dioxide is the only stable Ti species over the pH range of body fluids. Therefore, under 
the in vivo conditions at which reaction between titanium and physiological fluids is 
possible, the only stable reaction product is titanium dioxide, which, in fact, forms 
spontaneously upon the exposure of titanium metal to air. An extremely thin (about 
150 A) compact film is formed, which then prevents further oxidation at ambient 
temperature. As a result, unlike many other types of materials, when in contact with 
body fluids having close to neutral pH, the titanium and its alloys exhibit corrosion 
rates that are extremely low and difficult to measure experimentally. As discussed 
later, titanium and titanium-based alloys are widely used in biomedical applications. 
This is due, partly, to the stability and corrosion resistance that results from the native 
titanium dioxide film that protects the metal from further oxidation (Krupa et al., 
2005). It is commonly accepted that titanium exhibits high stability and corrosion 
resistance in vitro (Garcia-Alonso et al., 2003; Hsu et al., 2004). 
 
2.1.4 Mechanical Properties 
The mechanical properties of titanium and its alloys are summarized in Table 2-2 
(Brunette et al., 2001). As useful structural materials, titanium and its alloys show 
exceptional strength to weight ratio and good high temperature mechanical properties. 
On the other hand, titanium is also very promising as implant materials due to its high 
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specific strength and low elastic modulus (Rhee and Sohn, 2002). However, titanium 
has low wear and abrasion resistance because of its low hardness, as summarized in 
Table 2-3 (Brunette et al., 2001). The relatively poor tribological properties have 
spurred the development of surface treatments to enhance the hardness and abrasive 
wear resistance (Peterson et al., 1988; Shigematsu et al., 2000). While surface 
treatments have been shown to produce a harder layer composed of various oxides to 
improve lubrication, no long-term data are available yet. In addition, as the treated 
surface wears out or become discontinuous during prolonged use in humans, 
modification of only a thin layer (<10 μ m in best cases) may lead to catastrophe. 
 
Table 2-2  Mechanical properties of titanium and some of its alloys (Brunette et al., 
2001) 
 











cpTi α 105 692 785 
Ti–6Al–4V α/β 110 850–900 960–970 
Ti–6Al–7Nb (protasul-100) α/β 105 921 1024 
Ti–12Mo–6Zr–2Fe 
(TMZF) 




2/4Ta+ (Pd, N, O) 
α/β N/A 726–990 750–1200 
Ti–Zr Cast α′/β N/A N/A 900 
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β + silicides 
82 1020 1020 
Ti–35Nb–5Ta–7Zr (TNZT) Metastable β 55 530 590 
Ti–35Nb–5Ta–7Zr–0.4O 
(TNZTO) 








Table 2-3  Typical hardness of titanium and some of its alloys (Brunette et al., 2001) 
 




Ti cp-1 (α) anneal 700 °C 70 HRB 
Ti cp-2 (α) anneal 700 °C 80 HRB 
Ti cp-3 (α) anneal 700 °C 90 HRB 
Ti cp-4 (α) anneal 700 °C 100 HRB 
Ti–3Al–2.5V (α/β) anneal 700 °C 24 HRC 
Ti–6Al–4V (α/β) anneal 700 °C 36 HRC 
Ti–6Al–7Nb (α/β) anneal 700 °C 32 HRC 
Ti–15Mo (β) anneal 800 °C 24 HRC 
Ti–15Mo–2.8Nb–0.2Si (β) anneal 800 °C 24 HRC 
Ti–12Mo–6Zr–2Fe (β) anneal 760 °C 33 HRC 
Ti–35Nb–7Zr–5Ta (β) anneal 700 °C 35 HRC 
 





As mentioned previously, titanium and its alloys are relatively inert and have good 
corrosion resistance because of the thin surface oxide. They typically do not suffer 
from significant corrosion in a biological environment. Moreover, there is no evidence 
that it is an essential trace element but it is very well tolerated by the tissues; indeed it 
readily lends itself to the descriptive title of a physiologically indifferent metal. In fact, 
titanium is a biologically strange element being widely distributed in the earth's crust 
but yet found in only minute amounts in animal and plant tissues. 
 
Titanium readily adsorbs proteins from biological fluids. For instance, some specific 
proteins including albumin (Klinger et al., 1997; Serro et al., 1997), laminin V 
(Tamura et al., 1997), glycosaminoglycans (Collis and Embery, 1992), collagenase 
(Kane et al., 1994), fibronectin (Degasne et al., 1999), and fibrinogen (Sundgren et al., 
1986) have been found to adsorb onto titanium surface. Much research has been 
devoted to the interactions of cell with titanium surfaces. Titanium surfaces are also 
found to support cell growth and differentiation in vivo (Schwartz et al., 1996; Nishio 
et al., 2000). While in vitro studies showed that cell have the ability to attach onto Ti 
surfaces directly, it is unlikely that they would do so in vivo. After the materials are 
implanted into a human body, the material surface is exposed to wound fluid and all 
the components present in it, which may cause a series of foreign body reactions, as 






Figure 2-2 Schematic illustration of foreign body reaction: the normal reaction of higher 




The details of biological response to materials have been reviewed by Anderson 
(Anderson, 2001). In brief, a biomaterial induces nonspecific protein adsorption 
immediately upon implantation. Many different types of proteins adsorb to the surface 
in a range of properties and conformations from native forms to denatured forms. 
However, non-specific protein adsorption never occurs in the normal physiological 
process of wound healing. Thus, nonspecific protein adsorption may be a starting point 
of investigations in the foreign body reaction. Various types of cells, such as 
monocytes, leukocytes, and platelets (cells play a key role in normal wound healing), 
adhere and adsorb to these biomaterial surfaces, which may lead to upregulation of 
cytokines and subsequent proinflammatory processes. In addition, since normally the 
implant is significantly bigger than the adhered macrophages, the foreign body is 
prevented from phagocytosing. The frustrated macrophages and the chronic 
inflammation at the biomaterial interface fuse together to form multinucleated foreign 
body giant cells that often persist for the entire lifetime of the implant (Salthouse, 
1984). The last stage of the foreign body reaction involves the walling off of the device 
by an avascular, collagenous fibrous tissue, which is typically 50–200 μm thick. 
 
In early reports, Ti was considered as biologically inert and lack of an immune 
response (Laing et al., 1967; Linder and Lundskog, 1975). In bones, titanium heals in 
close apposition to the mineralized tissues under the proper conditions. However, 
titanium and bones are generally separated by a thin non-mineral layer and true 
adhesion of titanium to bones, and the complete integration of bone and implant is 




2.2 Applications of Titanium and its Alloys 
Due to the advances in manufacturing processes as a result of tremendous research in 
the aerospace and military industry after World War II, applications of titanium in 
surgical devices gradually emerged. Increased use of titanium and its alloys as 
biomaterials originated from their combined superior biocompatibility and better 
corrosion resistance with mechanical performance when compared to more 
conventional stainless and cobalt-based alloys. These properties were the incentives 
for the early development of α (cpTi) and α+β (Ti–6Al–4V) alloys as well as the more 
recent introduction of modern Ti-based alloys and metastable β Ti alloys. In this 
section, the clinical uses of titanium and its alloys are discussed according to their 
biomedical functions. 
 
2.2.1 Hard Tissue Replacements 
Substitution of the damaged hard tissues with artificial replacements is a common 
surgical practice. As a hard tissue replacement material, the low elastic modulus of 
titanium can result in smaller stress shielding, hence is generally regarded as a 
biomechanical advantage. Depending on the regions of damaged hard tissue and the 
functions needed, the requirements of implant materials are different. A schematic 
diagram of hard tissues in a human body is shown in Figure 2-3. Because of the 
previously mentioned attractive properties, titanium and its alloys are widely used as 









One of the most common applications of titanium and its alloys is artificial hip joints 
that consist of an articulating bearing (femoral head and cup) and stem as depicted in 
Figure 2-4. The articulating bearings must be aligned properly so that the natural 
movement is always kept inside the hip joints and the femoral head must also be 
positioned securely in relation to the other components of the joint. Titanium and its 
alloys are also often used as knee joint replacements which consist of femoral 













Figure 2-5 Schematic illustration of artificial knee joint. (http://www.eorthopod.com) 
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Titanium and its alloys are also common in dental implants, which can be classified as 
subperiosteal, transosteal, and endosseous according to their position and shape. A 
subperiosteal implant is a custom-cast framework fabricated to fit intimately on the 
bone surface under the mucoperiosteum. The transosteal implant is a bone plate fitted 
against the inferior border of the symphysis. Endosseous implants are placed in the 
bone of themaxilla or mandible via intraoral incisions and they are most commonly 
utilized. Figure 2-6 displays some of the popular designs, such as screw-shaped 
devices and cylinders. Most of the dental implants are designed according to the 
“osseointegration” idea that allows the implants to combine with bones. Surface 
modification technologies, such as sandblasting (Buser et al., 1999), chemical etching 
(Kim et al., 1996; Lee et al., 2002), and plasma spraying are often utilized to improve 










Two methods are currently employed for endosseous implant fixation in bones, as well 
as in the case of artificial hip and knee joints. The two methods are classified 
according to the fixation methods in bone tissues. One is bone cement fixation and the 
other is cementless fixation. For cemented prostheses, the components are fixed to the 
bony implant bed by employing bone cement based on poly(methyl methacrylate) 
(PMMA). The lifetime of a cemented endoprosthesis depends on the durability of the 
cement as well as its tensile bond strength on the implant surface. Micro-movements 
between the cement and the metal initiate metal particles formation and metal ions 
release, which leads loosening at the interface and even failure of the implants. 
 
Further developments have been focused on the anchoring of the implant directly to 
the living bone, which is the direct cementless anchoring of the implant to the bone via 
osseointegration. Cementless prostheses with the optimal surface structure and 
composition to enable osseointegration can produce lasting mechanical interlocking 
between the implant and bone (Dayer et al., 2005; Giordano et al., 2006). Rough 
surfaces, porous coatings and surfaces with osteoinductive and osteoconductive 
abilities have been shown to be effective surfaces for osseointegration (Wetzel et al., 
1999; Xue et al., 2005). Depending on the place where the desired anchorage in the 
bone, partial osseointegration of the prosthetic components may be considered, in 
which the design is divided into functional zones and is optimized according to the 
individual functions of different parts. As discussed later in detail, titanium and its 
alloys do not meet all the clinical demands of the ‘ideal’ materials, and current trend is 





2.2.2 Cardiovascular Applications 
Titanium and its alloys are common in cardiovascular implants because of their unique 
properties. Early application examples were prosthetic heart valves, protective cases in 
pacemakers, artificial hearts, and circulatory devices. Recently, the use of shape 
memory nickel–titanium alloy in intravascular devices, such as stents has received 
considerable attention.  
 
In cardiovascular applications, titanium is advantageous because it is mechanically 
strong, biologically inert, and non-magnetic; whereas the shortcoming is that it is not 
sufficiently radio-opaque in finer structures due to its low density. In artificial heart 
and circulatory assisting devices, the materials are used as a mechanical pump and 
contacting with blood. In general, artificial hearts solely made of titanium have not 
been very successful mainly because of the blood-clotting problems occurring on the 
device surface (Rintoul et al., 1993). The common designs are shown in Figure 2-7, 
which are made of titanium or titanium alloys with a thin carbon film coated to 









At present, stents are commonly used in the treatment of cardiovascular disease. They 
expand and keep narrowed blood vessels open. Nickel–titanium alloy (Nitinol) is one 
of the most common materials used in vascular stents due to the best-known properties 
of super elasticity and thermal shape memory (Ryhanen et al., 1998). The term super 
elasticity refers to the enormous elasticity of these alloys, which can be ten times 
greater than the best stainless steels, as shown in Figure 2-8 (a). The term 'shape 
memory' describes the phenomenon of restoring a predetermined shape by means of 
heating, as shown in Figure 2-8 (b). Although both effects are clearly spectacular, there 
is always a risk of thrombotic occlusion of the stented vessel segment, due to the 
inevitable damage to the vessel wall in connection with placement of the stent and 
Chapter 2 
 42
possible rejection by the body. Therefore, it is necessary to improve the 






Figure 2-8 (a) Super elasticity of a 'slotted-tube' type Nitinol stent. (b) Thermal shape 






2.2.3 Other applications 
Besides artificial bones, joints, dental implants, and cardiovascular devices, titanium 
and its alloys have been used extensively in orthopedic surgery for bone fracture 
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fixation. Early and full restoration of the function of the injured limb can be obtained 
by osteosynthesis, a method of treating the bone fracture by surgical means. Titanium 
and its alloys are attractive materials in osteosynthesis implants. Bone plates and 
screws (Figure 2-9), maxillofacial implants, etc are typical implants for osteosynthesis. 
Bone screws are used mostly to apply compression on the fracture gap or they are used 
for the fixation of plates to the bones. Osteointegration of titanium implants could be 
improved via surfaces-roughening techniques (blasting, plasma spray, etching, etc.) or 
functionalization with bioactive molecules, which can enhance the deposition of 










2.3 Surface Modification of Titanium 
 
In general, the bulk properties of materials, such as biocompatibility or non-toxicity, 
corrosion resistance or controlled degradability, mechanical performance are the main 
factors to be considered when selecting the right biomaterials for a specific biomedical 
application. However, after implantation, it is also necessary to carefully examine the 
interactions between the biological environment and the surfaces of implant material, 
as well as the subsequent response paths chosen by the body, for a successful 
implantation process. It is now widely accepted that the surface of the biomaterial 
plays an extremely important role in the response of the biological system to the 
implanted devices.  
 
For normal titanium implants, the manufacturing steps usually result in an oxidized, 
contaminated surface, and such ‘‘native’’ surface is certainly not necessarily 
appropriate for all the biomedical applications and some surface treatment must be 
performed. More importantly, functionalization of titanium medical devices is often 
needed when specific surface properties which are different from those in the bulk is 
required. For example, in hard tissue replacement, it is necessary to roughen the 
surface and modify it with bioactive molecules for good bone integration. In 
blood-contacting devices, such as artificial heart valves or stents, special 
antithrombogenic coating has to be applied for blood compatibility. In other 
applications, good wear and corrosion resistance is also required. Not only the 
excellent bulk characteristics of titanium and its alloys, such as relatively low modulus, 
high fatigue strength, good formability and machinability should be retained, but also 
Chapter 2 
 46
specific surface properties required by different clinical applications are improved and 
rendered via proper surface modification techniques. In this section, various surface 
modification technologies of titanium and its alloys, to improve bioactivity, 
biocompatibility, blood compatibility, wear and corrosion resistance, etc. are discussed. 
Based on the mechanism of formation of the modified layer on the surface, the 
techniques are classified into mechanical, chemical and biochemical methods. 
 
2.3.1 Mechanical Methods 
Common mechanical methods of surface involve physical treatment, shaping, or 
removal of the surface, such as polishing, blasting (Buser et al., 1999), machining 
(Lausmaa et al., 1990; Sutherland et al., 1993), and grinding. The typical objectives of 
mechanical treatment are to obtain specific surface roughness or topography, to 
remove contamination on the surface, and/or to improve adhesion of subsequent steps.  
 
2.3.2 Chemical Methods  
Chemical methods described here include chemical treatment, sol–gel, and chemical 
vapor deposition (CVD). During the chemical treatment, chemical reactions occur at 
the interface between titanium and a solution. In the sol–gel process, chemical 
reactions occur in the solution instead of at the interface between the solution or gel 
and the surface. On the other hand, CVD is a process involving chemical reactions 
between chemicals in the gas phase and the surface so that a non-volatile compound is 





2.3.2.1 Chemical treatment 
Chemical treatment of titanium normally involves chemical reactions occurring at the 
interface between the metal and a solution, such as alkali, acid, and H2O2. 
 
Alkali treatment 
Alkali-and-heat treatment was firstly introduced by Kim et al. (Kim et al., 1996) to 
improve the bioactivity of titanium. The method enables the formation of a 
biologically active bone-like apatite layer, such as hydroxyapatite and Bioglass (Kim 
et al., 1997), on the surface. The alkali-and-heat treatment can be described as follows 
(Kim et al., 1996; Lee et al., 2002). The titanium substrates were first immersed in an 
alkali solution, typically 5–10 M NaOH or KOH solution, for 24 h, followed by rinsing 
with distilled water and ultrasonic cleaning for 5 min. The substrates were then dried 
in an oven at 40 °C for 24 h and finally heated to around 600–800 °C for 1 h. The 
resulting titanium substrates with porous surface were then soaked in SBF for one 
month, and bone-like apatite was formed on the surface. Osteoblastic differentiation of 
bone marrow cells were compared on the alkali-and-heat treated titanium and 
apatite-formed titanium (Nishio et al., 2000). The results suggest that bone-like 
apatite-formed titanium after alkali-and-heat treatment provide the most favorable 
conditions for the cell differentiation process. 
 
Acid treatment 
Acid treatment is often employed to remove oxide and contaminants on the surface. A 
combination of acids is frequently used to pre-treat titanium (Schwartz et al., 1996), 
and a mixture of HNO3 and HF has been suggested to be a standard solution for acid 
pre-treatment. Hydrofluoric acid readily attacks TiO2 and reacts with Ti, forming 
Chapter 2 
 48
soluble titanium fluorides and hydrogen. Hydrogen incorporation of titanium can cause 
brittleness at the surface layer, but a ratio of hydrofluoric acid to nitric acid of 1 to 10 
can minimize the formation of free hydrogen. Acid etching generally leads to a thin 
surface oxide layer, which is mainly TiO2, but residuals of the etching solution are also 
present, particularly fluorine chemicals. 
 
Hydrogen peroxide treatment 
The bioactivity of titanium implants can be improved by titania gel coating, which can 
induce the formation of apatite when soaked in a SBF (Li et al., 1994; Peltola et al., 
1998). Titanium surfaces have been shown to react with H2O2 producing Ti-peroxy 
gels (Tengvall et al., 1989). An amorphous titania gel layer was formed by treating Ti 
in a H2O2/0.1 M HCl solution. While HCl dissolved the oxide layer of titanium surface, 
H2O2 reacted with titanium resulting in the formation of a layer of amorphous titania 
gel on the Ti surface. The thickness of the titania gel layer depends almost linearly on 
the reaction time (Wang et al., 2002). A shorter reaction time typically yields a thinner 
gel layer with higher porosity submicrometer in size. The oxide have reported to have 
a two-layer structure consisting of a thin (<5 nm) and dense inner oxide and an outer 
porous layer (Pan et al., 1996). Subsequent heat treatment above 300 °C gradually 
transformed the gel from the amorphous to crystalline state. If the treatment 
temperature was under 600 °C, the treated amorphous gel layer transformed mainly to 
anatase without changing the morphology of the pores of the gel layer, while the rutile 
phase was dominant beyond 700 °C. 
 
2.3.2.2 Sol–gel Coatings 
A sol is a colloid suspension of solid particles in a liquid and a gel is a substance that 
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contains a continuous solid skeleton enclosing a continuous liquid phase (Brinker and 
Scherer, 1990). The sol–gel process can be divided into five major steps: (1) 
hydrolysis, (2) polycondensation and gelation, (3) aging, (4) drying, (5) densification 
and crystallization.  
 
The most common used metal organic precursors are metal alkoxides (expressed as 
M(OR)n, where M is a metallic atom and R is an alkyl group. Normally, the alkoxide is 
dissolved in alcohol and hydrolyzed by the addition of water, which induces the 
hydrolysis of the alkoxide ligands. The hydroxyl ligands formed from the hydrolysis 
condensate to M–O–M bonds. When a large number of interconnecting M–O–M bonds 
is present in a region, they interact cooperatively as colloidal particles or a sol. The 
colloidal particles gradually link together to become a three-dimensional network. The 
sol–gel process is widely used to for ceramic coatings, due to its better control over the 
chemical composition and microstructure of the coating, reduction of the densification 
temperature, and finally lower cost. In addition, both mixing of the precursors at 
molecular level in the solution and a high degree of homogeneity in the films could be 
achieved. The process thus allows lower sintering temperature. Recently, many 
titanium-related coatings, such as calcium phosphate (CaP), titanium oxide (TiO2), and 
TiO2–CaP composite have been prepared on titanium and its alloys for biomedical 
applications. 
 
Calcium phosphate coatings, especially hydroxyapatite coatings, are commonly used 
in orthopedic applications (Kuroda et al., 2002; Narayanan et al., 2008), because of the 
easy formation of the coatings at a relatively low temperature. Titania coatings 
prepared by the sol–gel process are widely used in the electrical, optical, and catalytic 
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fields (Kozhukharov et al., 1993; Samuneva et al., 1993; Trapalis et al., 1993). The 
standard sol can be prepared by mixing tetraisopropyl orthotitanate, ethanol, and water, 
etc. The sol was mixed for 1 h before titanium substrates were dip coated. To slow 
down the condensation reaction, the sol container was maintained at 0 °C. The 
hydroxyapatite coatings synthesized via the sol–gel method are typically bioactive but 
have poor adhesion strength to the substrate. On the other hand, titanium dioxide (TiO2) 
coatings strongly adhere to titanium but their bioactivity is quite limited. Hence, a 
composite of titania and hydroxyapatite (TiO2/HA) coating can combine the high 
adhesion strength of TiO2 and good bioactivity of HA. 
 
The biocompatibility of TiO2/HA coatings prepared by the sol–gel process has been 
investigated (Ramires et al., 2001), and the results suggested that the composite 
coatings were not cytotoxic and stimulated the differentiation of cells and expression 
of the peculiar osteoblast biochemical markers: alkaline phosphatase activity, 
production of collagen and osteocalcin. The good performances of the coatings can be 
explained by the characteristics of the chemical composition and the deposition 
technique. The TiO2/HA coatings are bioactive due to the presence of hydroxyl groups 
on the surface, which is promoting calcium phosphate precipitation thereby improving 
the interactions with osteoblasts. 
 
2.3.2.3 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) is deposition of a non-volatile compound on the 
substrate via chemical reactions between reagents in the vapor phase and the material 
surface. The sequential steps that occur in every CVD process are: 
1. delivery of gas reagents to the reaction chamber  
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2. formation of new reactive species from chemical reactions of gas reagents 
3. transportation, adsorption and heterogeneous reaction of reactants to the substrate 
surface 
4. desorption of the volatile by-products after surface reactions 
 
Generally, the thin films grown by CVD have a better step coverage than those 
produced by physical vapor deposition (PVD), which typically employs evaporation 
and sputtering techniques without any chemical reactions. Therefore, CVD has been a 
process of interest for coating objects with complex geometry or the fabrication of 
microelectronic devices, and in biomedical applications, polycrystalline diamond films 
have been deposited onto titanium surfaces to improve the tribological properties, 
especially hardness (Zeiler et al., 1999).  
 
2.3.3 Biochemical Modification 
Biochemical modification of titanium utilizes biological and biomedical knowledge on 
cellular function, adhesion, differentiation and proliferation, and is carried out via 
surface-immobilized proteins, peptides, and growth factors, etc. However, it is very 
important that while the specific cell and tissue response is improved via the 
biochemical modification of the surface, the bulk properties of the material should not 
be adversely affected. Several methods, such as silanized titania, self-assembled 
monolayers, photochemistry, and protein immobilization have been used on titanium 
and its alloys. These techniques exploit either chemical bonding or physical adsorption 
via van der Waals, or electrostatic forces. Because of the existence and inertness of the 
TiO2 film, only a few active reagents, such as silanes, phosphates, and photosensitive 




Covalent attachment of silanes has proven to be a simple and versatile method to alter 
surface properties, such as hydrophobicity, adhesion, and surface energy. Siloxane has 
been widely used to form films various surfaces such as glasses, metals, ceramics and 
polymers and the silane chemistry has also been utilized on the titanium surface to 
convert semi-conducting TiO2 films into electrodes (Finklea and Murray, 1979), 
immobilize cell-binding peptide (Xiao et al., 1997). 
 
Self-assembled monolayers (SAMs) have become a useful technique to prepare a well 
defined chemical composition on surfaces. SAMs are surfaces consisting of a single 
layer of molecules on a substrate. Rather than having to use a technique such as 
chemical vapor deposition to add molecules to a surface (often with little control over 
the thickness of the layer), SAMs can be prepared simply by adding a solution of the 
desired molecule onto the substrate surface and washing off the excess. Recently, 
self-assembled monolayers of alkane phosphates or phosphonates have been used on 
titanium surfaces to tailor selected physico-chemical properties of the surface, such as 
wettability and electrical charge (Hofer et al., 2001; Tosatti et al., 2002). SAMs have 
also been widely used for the biofouling study on titanium surfaces (Iwasaki and Saito, 
2003). The effects of the surface chemistry (especially phosphorylcholine assembled 
surfaces) on protein adsorption and cell adhesion have been studied (Tegoulia and 
Cooper, 2000; Holmlin et al., 2001; Tegoulia et al., 2001). Protein adsorption and cell 
adhesion were found to be reduced on the phosphorylcholine-assembled surfaces. To 
produce well-controlled surfaces with different functionalities on oxides, various 
molecules have been proposed as SAMs molecules, such as hydroxamic acid (Folkers 
et al., 1995), chlorosilanes (Ulman, 1990), carboxylic acids (Aronoff et al., 1997), and 
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phosphoric and phosphonic acids (Woodward et al., 1996; Brovelli et al., 1999). 
 
Protein-resistant and protein immobilization technologies are often used to modify the 
surface of titanium and its alloys. In many cases, integration of the implant with the 
newly formed tissue is desired. Thus, the adsorption of cell-adhesive proteins or 
bioactive proteins is an important aspect of the healing process. Bone morphogenetic 
protein can be immobilized on the surface of Ti–6Al–4V to enhance the bioactivity 
(Puleo et al., 2002). Plasma polymerization of allyl amine has also been used to 
provide functional groups for immobilization of biomolecules on Ti–6Al–4V surfaces. 
The amount of protein weakly and strongly bound to metallic biomaterials can be 
controlled by the choice of the surface treatment and immobilization chemistry. 
BMP-4 bound to Ti–6Al–4V having a high density of amino groups using a two-step 
carbodiimide immobilization scheme appears to induce significant osteoblastic 
activity.  
 
Two means have been proposed to graft biomolecules onto titanium surface via 
photochemistry (Brunette et al., 2001). The first method is to synthesize a conjugate 
compound containing both a photosensitive group and a bioactive group. The 
conjugate compound adsorbs onto the titanium surface and then a uniform reaction 
takes place on the surface when the photosensitive group is activated by light. In the 
ideal case, the activated photoactive group should react only with the substrate surface 
and form a uniform monolayer. Carbohydrates have been grafted onto TiO2 surfaces to 
improve their interaction with biomolecules. Bioconjugate benzophenone molecules 
bearing both a peptide domain and photoactive group were synthesized, then 
covalently bonded to the solid surface by irradiation(Herbert et al., 1997; Weber et al., 
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1998). The second way is to firstly couple the photoactive group to a surface, then the 
biomolecule adsorbed on the surface and the nonspecific binding reaction was imitated 
by light. An arylazide was first attached to cellulose membranes, then immobilized 
heparin and dermatan via UV irradiation (Erdtmann et al., 1994). 
 
The native oxide on titanium is beneficial for the adhesion of many proteins. However, 
protein adsorption may lead to a deleterious physiological response depending on the 
type and nature of the adsorbed proteins. In some applications, it is necessary to reduce 
surface protein adsorption, for example blood-contacting devices, such as stents which 
keep arteries open. The simplest approach to controlling protein adsorption is to 
passivate the surface with a layer of an inert protein, such as albumin (Brunette et al., 
2001). Immobilization of poly(ethylene glycol) (PEG) on the titanium surface has long 
been known to decrease protein adsorption (Dalsin et al., 2003; Harris et al., 2004). 
Some researchers have reported the chemisorption of a polycationic comb-like graft 
copolymer and poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) onto 
negatively charged metal oxide surfaces by a simple dipping process in an aqueous 
solution of the polymer (Kenausis et al., 2000; Huang et al., 2001). At physiological 
pH, the poly(L-lysine) chains (pKa=10.5) possess positively charged amino groups 
(-NH3+) that interact strongly through electrostatic interactions with the negatively 
charged metal oxides, thus leading to a densely packed layer of PEG chains at the 
surface. These polymeric interfaces were highly protein resistant while in contact with 
blood plasma at physiological temperature (Tosatti et al., 2003)
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MODIFICATION OF TITANIUM VIA 






Titanium and its alloys have been used extensively in biomedical devices and 
components (Brunette et al., 2001). However, titanium and its alloys are yet able to 
meet many of the stringent clinical requirements. In order to improve their biological 
and biomedical performance, surface modification is often performed (Browne and 
Gregson, 1994; Yan et al., 1997; Pinzari et al., 2002; Tirrell et al., 2002; Liu et al., 
2004). Recent work has shown that the wear resistance (Bloyce et al., 1998; 
Shigematsu et al., 2000), corrosion resistance (Bloyce et al., 1998; Krupa et al., 1999; 
Krupa et al., 2002), and biological properties (Zhang et al., 1996; Wang et al., 2000; 
Viornery et al., 2002) of titanium and titanium alloys can be improved selectively 
using appropriate surface treatment techniques, while retaining the desirable bulk 
attributes of the materials. These techniques have included self-assembly of 
monolayers (Danahy et al., 2004), layer by layer adsorption (Thierry et al., 2003), 
photochemical treatments (Weber et al., 1998), and protein resistance treatments 
(Huang et al., 2001; Tosatti et al., 2003; Dalsin et al., 2005). Many of these 
technologies exploit either physical adsorption via van der Waals force, hydrophobic 
interaction, and electrostatic force, or chemical bondings. 
 
Silane chemistry has been applied to titanium oxide (titania) surfaces for metal-metal 
and metal-polymer adhesion. The commonly used alkylchlorosilanes and 
alkylalkoxysilanes self-assemble on the surface of titania via the formation of 
polysiloxane in-situ. Due to the high reactivity of alkylchlorosilanes and 
alkylalkoxysilanes, a complete synthesis of compounds bearing both bioactive species 
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and silanol groups is difficult，and the in-situ stepwise reaction is often used (Xiao et 
al., 1998). 
 
Tethering of polymer brushes on a solid substrate is an effective method of modifying 
the surface properties of the substrate. Atom transfer radical polymerization (ATRP) is 
a recently developed “living” or “controlled” radical polymerization method 
(Matyjaszewski et al., 1999; Kamigaito et al., 2001), which does not require stringent 
experimental conditions. ATRP allows for the polymerization and block 
copolymerization of a wide range of functional monomers in a controlled fashion, 
yielding polymers with narrowly dispersed molecular weights. Moreover, ATRP is 
tolerant of polar functionality. Thus, it allows the direct polymerization of functional 
monomers without the tedious protection and deprotection procedures.  
 
This chapter reports an alternative approach to the modification of titanium surface via 
surface-initiated ATRP. The natural oxide layer of the titanium substrate was activated 
by a silane coupling agent containing the ATRP initiator, trichloro(4-(chloromethyl)- 
phenyl)silane. Polymer brushes of poly(poly(ethylene glycol) methacrylate) 
P(PEGMA) ， poly((2-dimethylamino)ethyl methacrylate) (P(DMAEMA)), and 
poly(2,3,4,5,6, pentafluorostyrene) (P(PFS)), as well as their block copolymers, were 
subsequently tethered on the titanium surface. Hydrolytic stability of the resulting 
organic layers attached to the oxides of the titanium surfaces is of crucial importance 
to the performance of these functionalized titanium substrates. The processes of 
one-step immobilization of ATRP initiator via the silane coupling agent and the 
subsequent surface-initiated ATRP are shown schematically in Figure 3-1. 























































































































































Figure 3-1 Schematic diagram illustrating the processes of silanization of the Ti-OH surface to give rise to the Ti-Cl surface, surface-initiated ATRP 
of PEGMA, DMAEMA, PFS, and PEGMA/DMAEMA block copolymer brushes from the Ti-Cl surface.58  
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3.2 Experimental Section 
3.2.1 Materials.  
Titanium foil (99.7%, 2 mm thick), trichloro(4-(chloromethyl)-phenyl） silane 
(chlorosilane, 97%), poly(ethylene glycol) monomethacrylate macromonomer 
(PEGMA, n=6, Mn about 360 g/mol, >99%), (2-dimethylamino)ethyl methacrylate 
(DMAEMA, 97%), pentafluorostyrene (PFS, 97%), 2-bromo-2-methylpropionic acid 
(BMPA, 97%), dimethyl formamide (DMF), tetrahydrofuran (THF), triethylamine 
(TEA, 98%), 2,2’-byridine (Bpy, 99%), N,N,N',N'',N''-pentamethyldiethylenetriamine 
(PMDETA, 99%), copper(I) chloride (99%), and copper(II) chloride (97%), were 
obtained from Aldrich Chemical Co. of Milwaukee, WI. All the solvents employed 
were normal chromatographic or analytical grade. All the monomers used in this 
chapter were passed through the corresponding inhibitor-removal columns and stored 
under an argon atmosphere at -10 °C before use. Water in toluene and TEA was 
removed by reaction with sodium, followed by distillation. All other reagents and 
solvents were used as received. 
 
3.2.2 Immobilization of the Initiator on the Ti-OH Surface. 
Pretreatment of Ti Substrates 
The 2 mm-thick titanium foils were polished with sand paper to reduce the surface 
roughness of the substrates, and to increase the uniformity of the surface. The foils 
were then cut into about 0.8 cm×0.8 cm pieces. The pieces were rinsed ultrasonically 
with 3×20 mL of hot toluene, followed by 3×20 mL of acetone, 3×20 mL of hot 
ethanol, and lastly 4×20 mL of pure water. The samples were placed in a clean oven at 
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120 °C overnight, to produce a surface coating of hydroxylated titanium dioxide. 
 
Silanization Reactions of Pristine Ti  
The pretreated Ti pieces were immersed in anhydrous toluene (8 mL) containing TEA 
(0.28 mL, 2×10-3 mol). The chlorosilane (0.19 mL, 10-3 mol) was added using a 
syringe. Reactions were carried out at room temperature for 24 h. After the reaction, 
the pieces were isolated, and ultrasonically washed with chloroform (3×20 mL), 
acetone (2×20 mL), ethanol (4×20 mL), and finally water (in that order). They were 
then dried in a vacuum clean oven at 70 °C for 20 min. The silane-modified substrates 
(Ti-Cl) were stored in argon prior to XPS measurements and in an organic solvent 
(ethanol or propanol) for further reactions as detailed below.  
 
3.2.3 Surface-Initiated Atom Transfer Radical Polymerization (ATRP) 
For the preparation of PEGMA polymer (P(PEGMA)) brushes on the Ti-Cl surface, 
PEGMA (0.80 mL, 2.4 mmol), CuCl (2.4 mg, 0.024 mmol), CuCl2 (0.65 mg, 0.005 
mmol), and Bpy ligand (7.5 mg, 0.05 mmol) were added to 0.8 mL of doubly distilled 
water in a Pyrex tube. The mixture was stirred and degassed with argon for 20 min. 
The Ti-Cl substrate was introduced into the reaction mixture. The reaction tube was 
sealed and kept in a 30 °C water bath for a predetermined period of time. After the 
reaction, the Ti substrate with surface grafted P(PEGMA) (the Ti-g-P(PEGMA) 
surface) was removed from the solution and washed thoroughly with an excess amount 
of doubly distilled water. 
 
For the preparation of poly((2-dimethylamino)ethyl methacrylate) (P(DMAEMA)) 
brushes on the Ti-Cl surfaces, a stronger ligand PMDETA was used, instead of Bpy. If 
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Bpy was used as catalyst for the ATRP, the reaction is much slower or unsuccessful.  
DMAEMA (1.5 mL, 8.9 mmol), CuCl (8.9 mg, 0.089 mmol), CuCl2 (2.4 mg, 0.018 
mmol) and PMDETA (18.6μ L, 0.089 mmol) were added to 1.5 mL of DMF. The 
mixture was stirred and purged with argon for 20 min. The Ti-Cl substrate was then 
introduced into the solution. The reaction flask was sealed and placed in an 85 °C 
water bath for a predetermined period of time. After the reaction, the Ti substrate with 
surface grafted P(DMAEMA) (the Ti-g-P(DMAEMA) surface) was removed from the 
reaction mixture and washed thoroughly with excess amount of ethanol.  
 
For the preparation of poly(2,3,4,5,6,-pentafluorostyrene) (P(PFS)) brushes on the 
Ti-Cl surfaces, PFS (1 mL, 7.3 mmol), CuCl (7.2 mg, 0.073 mmol), CuCl2 (2.0 mg, 
0.015 mmol) and Bpy ligand (22.6 mg, 0.15 mmol) were added to 1 mL of DMF. The 
mixture was stirred and purged with argon for 20 min. The Ti-Cl substrate was then 
introduced into the solution. The reaction flask was sealed and placed in a 110 °C oil 
bath for a predetermined period of time. After the reaction, the Ti substrate with 
surface grafted P(PFS) (the Ti-g-P(PFS) surface) was removed from the reaction 
mixture and washed thoroughly with excess amount of THF. 
 
For the preparation of the P(PEGMA)-b-P(DMAEMA) and P(DMAEMA)-b- 
P(PEGMA) block copolymer brushes, the Ti-g-P(PEGMA) and Ti-g-P(DMAEMA) 
substrates were used respectively, instead of the Ti-Cl substrates, under the same 
polymerization conditions as described above for the surface-initiated ATRP of 
DMAEMA and PEGMA, respectively. 
 
All the Ti-g-polymer hybrids were subsequently immersed in a large volume of their 
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respective solvent system for about two days, to ensure the complete removal of the 
adhered and physically adsorbed polymers, if any. The solvents were stirred 
continuously and changed every 8 h. 
 
3.2.4 Hydrolytic Stability Test of the Grafted Polymer 
1:1 (v:v) aqueous solutions of THF and water with pH adjusted to 2，4，7，10 and 12 
were added to sample vials containing the polymer-metal hybrids. All pH 
measurements were performed using a pH meter with an accuracy of pH ± 0.01 
(Mettler Toledo 320). The presence of THF in aqueous solutions was to ensure 
complete wetting of the hydrophobic substrates. The sample vials were incubated in a 
water bath at 37 °C for 3 weeks. The samples were then washed with THF (4×20 mL) 
and water (4×20 mL), and then placed in a 60 °C oven overnight before surface 
analysis.  
3.2.5 Surface Characterization.  
The chemical composition of the modified titanium surfaces was determined by X-ray 
photoelectron spectroscopy (XPS). The XPS measurements were performed on a 
Kratos AXIS HSi spectrometer using a monochromatized Al Kα  X-ray source 
(1486.6 eV photons) at a constant dwell time of 100 ms and a pass energy of 80 eV for 
wide scan and 40 eV for each element. The samples were mounted on the standard 
sample stubs by means of double-sided adhesive tapes. The core-level signals were 
obtained at a photoelectron takeoff angle (α , measured with respect to the sample 
surface) of 90°. The X-ray source was run at a reduced power of 150 W (15 kV and 10 
mA). The pressure in the analysis chamber was maintained at 1.3×10-6 Pa or lower 
during each measurement. All binding energies (BEs) were referenced to the C 1s 
Chapter 3 
 63
hydrocarbon peak at 284.6 eV. In curve fitting, the line width (full width at 
half-maximum, or FWHM) for the Gaussian peaks was maintained constant for all 
components in a particular spectrum. Surface elemental stoichiometries were 
determined from XPS spectral area ratios and were reliable to within 5% error. The 
elemental sensitivity factors were calibrated using stable binary compounds of well 
established stoichiometries. 
 
The thickness of the polymer films grafted on the Ti-coated silicon substrates was 
determined by ellipsometry. The measurements were carried out on a variable angle 
spectroscopic ellipsometer (model VASE, J. A. Woollam Inc., Lincoln, NE) at incident 
angles of 70° and 75° in the wavelength range 250-1000 nm. The refractive index of 
the dried films at all wavelengths was assumed to be 1.5 in the Cauchy film model 
used for simulation of film thickness. All measurements were conducted in the dry air 
at room temperature. For each sample, thickness measurements were made on at least 
three different surface locations. Data were recorded and processed using the 
WVASE32 software package. 
 
The static water contact angles of the pristine and functionalzed titanium surfaces were 
measured at 20 °C and 60% relative humidity, using the sessile drop method with a 
3 μ L water droplet, in a telescopic goniometer (Rame-Hart model 100-00-(230), 
manufactured by the Rame-Hart, Inc., Mountain Lakes, NJ). The telescope with a 
magnification power of 23 times was equipped with a protractor of 1° graduation. For 
each angle reported, four measurements from different surface locations were averaged. 
The angle reported was accurate to ± 3°.  
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3.3 Results and discussion 
3.3.1 Immobilization of the ATRP Initiator via a Silane Coupling Agent on the 
Pristine Ti Surface 
The chemical composition of the titanium surfaces at various stages of surface 
modification was determined by XPS. Figures 3-2(a) and 3-2(b) show the wide scan 
spectra of the pristine titanium (oxide and hydroxide-covered Ti, or Ti-OH) and the 
trichloro(4-(chloromethyl)-phenyl)silane-coupled titanium (Ti-Cl) surfaces, 
respectively. It is generally known that the oxide film grows spontaneously on the 
titanium surface upon exposure to air (Sittig et al., 1999). The wide scan spectrum of 
the pristine titanium surface is dominated by signals attributable to titanium, oxygen 
and carbon. The latter is probably due to hydrocarbon contamination for samples 
exposed to the ambient atmosphere (Lausmaa, 1996). It has been reported that the 
oxide reacts readily with water to form hydroxide (-OH) at the outermost surface of 
titanium (Bullock et al., 1996). In addition, water has also been reported to be 
molecularly-adsorbed and physisorbed at the oxide/hydroxide surface (McCafferty and 
Wightman, 1998). The chemisorbed and physisorbed water molecules are removed 
only by heating the substrates to above 120 °C for a sufficiently long period of time 
(Jobin et al., 1992). 
 
For the preparation of polymer brushes on the Ti surface, a uniform and dense 
monolayer of initiators immobilized on the titanium surface is indispensable. The 
triethylamine (TEA)-catalyzed chlorosilanization of the hydrated oxide surface of 
titanium (Ti-OH surface) produced a stable initiator monolayer via the Ti-O-Si bonds. 
Figures 3-2(c) and 3-2(d) show the corresponding Si 2p and Cl 2p core-level spectra of 
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the silane-coupled Ti surface (Ti-Cl surface). The Cl 2p core-level spectrum in Figure 
3-2(d) consists of the Cl 2p3/2 and Cl 2p1/2 peak components at the BEs of about 200.1 
and 201.7 eV respectively (Moulder and Chastain, 1992), attributable to the covalently 
bonded chlorine species associated with the benzylchloride moiety of the immobilized 
silane. Thus, the benzyl chloride groups have been successfully immobilized on the 
Ti-OH surface to cater for the subsequent ATRP process from the Ti-Cl surface. 
Furthermore, a substantial increase in water contact angle of the Ti-Cl surface, from 
that of the Ti-OH surface (Table 3-1), is consistent with the complete coverage of the 


































Figure 3-2 Wide scan spectra of the (a) Ti-OH surface and (b) Ti-Cl surface, and Si 2p 
and Cl 2p core-level spectra of the (c,d) Ti-Cl surface. 
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Table 3-1  Surface composition bonding ratio and static water contact angle of the polymer-functionalized titanium surfaces 
 




(monomer units/nm2) m 
Ti-g-P(PEGMA) a - [C-H]:[C-O]:[O=C-O]
 h 
=3.4:8.2:1.0 (3:12:1) 45 35 59 




=3.3:2.9:1.0:1.0 (3:3:1:1) 60 18 69 









=3.3:2.7:1.0:1.0 (3:3:1:1) j 58 35+10 59+38 




=3.8:0.0:8.9:1.0 (3:0:12:1) k 42 18+15 69+25 
Ti-g-P(PEGMA) a, f - [C-H]:[C-O]:[O=C-O]
 h 
=3.6:8.3:1.0 (3:12:1) 44 - - 




=3.5:2.9:1.1:1.0 (3:3:1:1) 57 - - 




=1.0:1.1:1.2:4.3 (1:1:1:5) 96 - - 
 
a Reaction conditions: [PEGMA]:[CuCl]:[CuCl2]:[Bpy] = 100:1:0.2:2 in an aqueous medium (PEGMA:water= 1:1, v:v) at 30 °C. ATRP time = 
3 h. 
b Reaction conditions: [DMAEMA]:[CuCl]:[CuCl2]:[PMDETA] = 100:1:0.2:2 in DMF (DMAEMA:DMF = 1:1, v:v) at 85 °C. ATRP time = 5 h. 
c Reaction conditions: [PFS]:[CuCl]:[CuCl2]:[Bpy] = 100:1:0.2:2 in DMF (PFS:DMF= 1:1, v:v) at 110 °C. ATRP time = 3 h. 
d Reaction conditions: first as in a, and then as in b. 
e Reaction conditions: first as in b, and then as in a. 
f Stability test conditions: in water:THF (1:1, v:v) solution of pH=2 at 37 °C for 3 weeks. 67
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g Determined from the sensitivity factor-corrected XPS core-level spectral area ratio. Values in parentheses are the theoretical ratios.  
h Determined from the XPS curve-fitted C 1s core-level spectra. Values in parentheses are the theoretical ratios.  
i Static water contact angles for the pristine (oxide and hydroxide-covered) titanium surface (Ti-OH surface) and the silane-coupled titanium 
surface (Ti-Cl surface) were about 39° and 75°, respectively. 
j Theoretical composition for P(DMAEMA). 
k Theoretical composition for P(PEGMA). 
l Layer thicknesses are measured on Ti-coated Si surfaces under respective conditions as Ti foils. The thickness of silane modified Ti-coated Si 
surface is about 0.4nm. 
m Surface density = (film thickness ×  bulk density of the grafted polymer )/molecular weight of the monomer. The surface density of silane 





3.3.2 Surface-Initiated ATRP from the Ti-Cl Surface 
The physicochemical properties of the Ti surface can be tuned by the choice of vinyl 
monomers. In this chapter, three functional monomers, poly(ethylene glycol) 
monomethacrylate (PEGMA), (2-dimethylamino)ethyl methacrylate (DMAEMA) and 
2,3,4,5,6, pentafluorostyrene (PFS), were selected as the model monomers. The 
hydroxyl end groups of the grafted PEGMA polymer (P(PEGMA)) side chains could 
be converted into various functional derivatives (Wang et al., 2001). In addition, the 
P(PEGMA)-grafted titanium surface is effective in preventing protein adsorption and 
platelet adhesion (Zhang et al., 2001). The DMAEMA polymer (P(DMAEMA)) is 
both thermal and pH sensitive(Yuk et al., 1997). The well-defined P(DMAEMA) 
brushes can be used to prepare smart surfaces on a nanometer scale, since they can 
react collectively to environmental changes, such as pH or temperature. The highly 
hydrophobic properties of the PFS polymer (P(PFS))-grafted surface can be used to 
modify the wettability of the titanium surface. In addition, the higher reaction 
temperature required for the ATRP of PFS could be considered as a test of the stability 
of the silane layer. 
 
At the initial stage of ATRP, a sufficient concentration of the deactivating Cu(II) 
complex is necessary to quickly establish an equilibrium between the dormant and the 
active chains. If this equilibrium is not controlled properly, the process resembles that 
of the conventional redox-initiated radical polymerization (Baum and Brittain, 2002). 
The Cu(II) complex can be obtained by the reaction of Cu(I) complex with the initiator 
or by addition of the complex at the begin of reaction (Matyjaszewski et al., 1999). In 
this work, the method of addition of the Cu(II) complex (CuCl2) was chosen to control 
the surface-initiated ATRP of PEGMA, DMAEMA and PFS from the Ti-Cl surface. 
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The ratio of [PEGMA, DMAEMA or PFS monomer]:[CuCl (catalyst)]:[CuCl2 
(deactivator)]:[Bpy or PMDETA ligand] was controlled at 100:1:0.2:2 (or 100:1:0.2:1 
for the PMDETA ligand).  
 
The titanium surface with grafted P(PEGMA), P(DMAEMA) and P(PFS) are referred 
to as the Ti-g-P(PEGMA), Ti-g-P(DMAEMA) and Ti-g-P(PFS) surfaces, respectively. 
Figures 3-3(a) and 3-3(b) show the respective C 1s and Cl 2p core-level spectra of the 
Ti-g-P(PEGMA) surface from 3 h of ATRP. The Cl 2p spectrum consists of a doublet 
with the Cl 2p3/2 and Cl 2p1/2 peak components at the binding energies (BEs) of about 
200.1 and 201.7 eV, respectively (Moulder and Chastain, 1992), attributable to the 
covalently bonded chlorine species. The persistence of the Cl species is consistent with 
the fact that polymerization via ATRP involves a “living” chain end, or a dormant 
alkyl halide species, that can be used to initiate the subsequent block copolymerization. 
The C 1s core-level spectrum can be curve-fitted into three peak components with BEs 
at about 284.6, 286.2, and 288.5 eV, attributable to the C-H, the C-O, and the O=C-O 
species, respectively (Moulder and Chastain, 1992). The appearance of the latter two 
components confirms that P(PEGMA) has been successfully grafted on the Ti-Cl 
surface. On the other hand, the C 1s core-level spectrum of the Ti-g- P(DMAEMA) 
surface from 4 h of ATRP can be curve-fitted into four peak components with BEs at 
about 284.6, 285.5, 286.2, and 288.5 eV, attributable to the C-H, the C-N, the C-O, and 
the O=C-O species, respectively (Moulder and Chastain, 1992). The appearance of 
N-C peak component of Figure 3-3(d) is consistent with the successful grafting of 
P(DMAEMA) on the Ti-Cl surface. Lastly, the C 1s core-level spectrum of the 
Ti-g-P(PFS) surface from 3 h of ATRP can be curve-fitted into four peak components 
with BEs at about 284.6, 285.3, 285.7, and 287.8 eV, attributable to the C-H, the 
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C-C6F5, the C-CF, and the C-F species, respectively (Moulder and Chastain, 1992). 
Table 3-1 summarizes the surface analysis results of the Ti-g-P(PEGMA), 
Ti-g-P(DMAEMA) and Ti-g-P(PFS) surfaces by XPS. The XPS-derived surface 
composition for each Ti-polymer hybrid is in fairly good agreement with the 
theoretical composition of corresponding polymer. 
 
The degree of polymerization of the polymer brushes can be determined by dividing the 
surface density of the polymer brushes (number of monomer uints/nm2) by the surface 
density of the silane (number of initiator units/nm2). The degree of polymerization of 
P(PEGMA), P(DMAEMA) and P(PFS) are determined to be 39, 46 and 32, respectively.  
 
The changes in static water contact angles of the functionalized Ti surfaces (Table 3-1) 
are consistent with the presence of different graft polymers. The static water contact 
angles of the pristine (hydroxide-covered) titanium and Ti-Cl surface are about 39° and 
75°, respectively. The static water contact angles of the Ti-g-P(PEGMA), 
Ti-g-P(DMAEMA) and Ti-g-P(PFS) surfaces are about 45°, 60° and 99°, respectively, 





Figure 3-3 XPS core-level and wide scan spectra of (a,b) the Ti-g-P(PEGMA) surface 
obtained at the ATRP time of 3 h, (c,d) the Ti-g-P(DMAEMA) surface obtained at the 




3.3.3 Block Copolymer Brushes 
One of the unique characteristics of the polymers synthesized by ATRP is the 
preservation of the active or “living” end groups (in the form of dormant alkyl halides) 
throughout the polymerization reaction. To further confirm the presence of active 
chain ends in the grafted PEGMA(or DMAEMA) polymer, diblock copolymer brushes 
consisting of P(PEGMA) and P(DMAEMA) blocks were prepared by using the 
P(PEGMA) (or P(DMAEMA)) brushes on the Ti-Cl surface (Figure 3-1) as the 
macroinitiators for the ATRP of the second monomer DMAEMA ( or PEGMA).  
 
The formation of block copolymer brushes was confirmed by XPS and static water 
contact angle measurements. The wide scan and C 1s core-level spectra of the 
Ti-g-P(PEGMA)-b-P(DMAEMA) surface, which was prepared from 3 h of 
surface-initiated ATRP of PEGMA from the Ti-Cl surface and then 5 h of 
surface-initiated ATRP of DMAEMA from the as-prepared Ti-g-P(PEGMA) surface, 
are shown in parts a and b of Figure 3-4, respectively. The C 1s core-level spectrum 
can be curve-fitted with four peak components having BEs at about 284.6, 285.5, 
286.2 and 288.5 eV, attributable to the C-H, the C-N, the C-O, and the O=C-O species, 
respectively (Moulder and Chastain, 1992). The appearance of the prominent C 1s 
peak component, assigned to the C-N species of DMAEMA, as well as the N 1s signal 
in the wide scan spectrum of Figure 3-4(a), confirms that DMAEMA has been 
successfully block copolymerized on the Ti-g-P(PEGMA) surface. In addition, the C 
1s core-level line shape in Figure 3-4(b) is similar to that of the Ti-g-P(DMAEMA) 
surface of Figure 3-3(c), suggesting that the Ti-g-P(PEGMA)-b-P(DMAEMA) surface 
is dominated by the P(DMAEMA) blocks. The water contact angle of the 
Ti-g-P(PEGMA) surface was about 45°. However, the water contact angle of the 
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Ti-g-P(PEGMA)-b-P(DMAEMA) surface has increased to 58°, which is comparable to 






Figure 3-4 Wide scan and C 1s core-level spectra of (a,b) Ti-g-P(PEGMA)-b- 
P(DMAEMA) surface and (c,d) the Ti-g-P(DMAEMA)-b-P(PEGMA) surface. (The 
ATRP conditions for the preparation of surface-grafted block copolymers are given in 
Table 3-1). 
P(PEGMA)/P(DMAEMA) = 1.5/1
P(DMAEMA)/P(PEGMA)  = 2.8/1
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Figures 3-4(c) and 3-4(d) show the respective wide scan and C 1s core-level spectra of 
the Ti-g-P(DMAEMA)-b-P(PEGMA) surface (5 h of surface-initiated ATRP of 
DMAEMA from the Ti-Cl surface, followed by 3 h of surface-initiated ATRP of 
PEGMA from the as-prepared Ti-g-P(DMAEMA) surface). Comparison of the C 1s 
core-level spectrum in Figure 3-4(d) to that of the Ti-g-P(DMAEMA) surface in 
Figure 3-3(c) revealed that the intensity of the C-O peak component has increased 
significantly after block copolymerization of PEGMA. The thickness of the 2nd block 
(P(PEGMA)), which was initiated from the Ti-g-P(DMAEMA) surface, was less than 
the probing depth of the XPS technique (7.5 nm in an organic matrix), as the N 1s 
signal (at the BE of 400.6 (Moulder and Chastain, 1992)) in Figure 3-4(c) is still 
discernible. The water contact angle of the Ti-g-P(DMAEMA)-b-P(PEGMA) surface 
decreases to about 44°, from about 60° for the starting Ti-g-P(DMAEMA) surface.  
 
The approximate/theoretical ratio of the 2 blocks can be determined from degree of 
polymerization of the blocks, as described in previous section. Hence, the 
P(PEGMA)/P(DMAEMA) blocks ratio of Ti-g-P(PEGMA)-b- P(DMAEMA) surface is 
calculated to be 1.5/1, whereas the P(DMAEMA)/P(PEGMA) blocks ratio in 
Ti-g-P(PEGMA)-b-P(DMAEMA) surface is calculated to be 2.8/1.  
 
3.3.4 Hydrolytic Stability of the Polymer Brushes  
Hydrolytic stability is the key parameter that determines the performance of the 
polymer-metal hybrid surface. The susceptibility of the Ti-O-Si bonds to hydrolysis 
was tested for both the hydrophilic (Ti-g-P(PEGMA) and Ti-g-P(DMAEMA)) and the 
hydrophobic (Ti-g-P(PFS)) surfaces. The temperature chosen was 37 °C. To ensure 
complete wetting of the surface and interface, especially for the hydrophobic 
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Ti-g-P(PFS) surface, an equal volume of THF (a good solvent for all three polymers) 
was also present in the aqueous solutions of predetermined pH. The XPS C 1s 
core-level spectra of the Ti-g-P(PEGMA), Ti-g-P(DMAEMA) and Ti-g-P(PFS) 
surfaces after the hydrolytic test at pH = 2 for 3 weeks are shown in Figure 3-5. 
Compared to the corresponding spectra in Figure 3-3, the spectral line shapes of all the 
polymer-metal hybrid surfaces after the hydrolytic test remain practically unchanged. 
Similar results were observed for the wide scan spectra. The Ti surface remained fully 
covered by the polymer brushes, as the Ti 2p peak component at about 460 eV 
(Moulder and Chastain, 1992) was not discernable in the spectrum. Moreover, there 
was no apparent change in the chemical composition and static water contact angle of 
the surface before and after the hydrolytic stability test (Table 3-1). 
 
In earlier works (Helmy et al., 2004; Marcinko and Fadeev, 2004), it was proposed that 
cross-linking of siloxanes (Si-O-Si) played an important role in the stabilization of 
monolayers of alkyltrichlorosilanes. In this work, the trichlorosilane head groups in 
contact with the oxide-covered titanium substrate hydrolyze into highly polar 
trihydroxysilane -Si(OH)3. One of the hydroxysilanes groups becomes covalently 
attached to the hydrated titanium surface while the other two form Si-O-Si bonds with 
the neighbouring hydrolyzed silane molecules. The Si-O-Si bonds form a coherent 
network on the substrate surface, leading to the good stability of the resulting silane 
layer. Similar hydrolytic stability was observed for the three Ti-polymer hybrids in 
aqueous media of pH = 4, 7, 10 and 12. Both the wide scan and C 1s spectra of the 
hybrid surfaces remained practically unchanged when exposed to aqueous media in the 
pH range. The hydrolytic stability of the present Ti-polymer hybrids is similar to that 








































Figure 3-5 C 1s core-level spectra of (a) the Ti-g-P(PEGMA) surface, (b) the 
Ti-g-P(DMAEMA) surface, (c) the Ti-g-P(PFS) surface, prepared under the ATRP 
conditions as described in Table 3-1. Test conditions: in water:THF (1:1, v:v) solution of 
pH =2 at 37 °C for 3 weeks. 
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Immobilization of an ATRP initiator monolayer on the oxidized and hydrated titanium 
(Ti-OH) surface, via the action of a trichlorosilane coupling agent, allowed the 
subsequent surface-initiated ATRP to produce functional polymer and diblock 
copolymer brushes. The present surface-initiated ATRP allowed the preparation of 
Ti-polymer hybrids with well-controlled surface hydrophilicity and good hydrolytic 
stability. The “dormant” chain ends of the polymer brushes on the Ti surface could be 
used as macroinitiators for further functionalization of the hybrid surfaces via block 
copolymerization, to produce alternate polymer layers having different chemical, 
electronic, or optical properties. The Ti-polymer hybrids prepared via surface-initiated 
ATRP have the potential to combine the advantage of titanium (high mechanical 
strength) with the advantage of the grafted polymer chains (high density of chemical 
functionality). The hybrids are thus potentially useful to the fabrication of 
titanium-based medical and biomedical devices. In particular, the Ti-g-P(PEGMA) 
surface prepared is expected to reduce protein adsorption (Dalsin et al., 2003; Harris et 
al., 2004), and is potentially useful for blood-contacting Ti-based devices. 
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CHAPTER 4  
FUNCTIONALIZATION OF TITANIUM SURFACES - 










A large number of hip, knee and dental implants are carried out each year to replace or 
restore functions to diseased and damaged tissues (Davies, 2000). Titanium (Ti) is 
used extensively in load-bearing, bone-contacting devices, due to favorable 
interactions of cells at the Ti-bone interface (Davies et al., 1990; Brunette et al., 2001). 
Interests in Ti surface modification have included treatments to accelerate bone healing 
(Klee et al., 2004; Song et al., 2004; Liu et al., 2005; Rohanizadeh et al., 2005) and to 
control infection (Kinney et al., 1991; Oyane et al., 2006; Petrini et al., 2006; Wang et 
al., 2006). An accelerated stable implant fixation to the bone with reduced risk of 
infection will significantly reduce the physical suffering, psychological impact and 
health care cost of patients. In the design of devices that can induce controlled and 
rapid healing, biochemical methods for immobilization and/or delivery of proteins, 
enzymes, or peptides at the tissue-implant interface have been employed (Puleo and 
Nanci, 1999). In this area of research, collagen (type I) has been a biomaterial of great 
interest. Collagen (type I) is a main component of mammalian extracellular matrices 
(Lebaron and Athanasiou, 2000), and has been commonly used as osteogenic and bone 
filling materials to enhance cell adhesion (Rao, 1995; Gungormus and Kaya, 2002). 
 
Implant-related infections are another serious issue. Infections of implantation 
materials occur despite full sterility and preoperative antibiotic prophylaxis. Bacteria 
can accumulate and form biofilms (Costerton et al., 1999; Donlan and Costerton, 2002; 
Stewart, 2002) on the implant surfaces. Formation of biofilms on the implant surfaces 
by bacteria, such as Staphylococcus aureus (S. aureus) has been reported as one of the 
main cause of implant infection (Stewart, 2002; Campoccia et al., 2006). Bacterial 
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adhesion is the first step in colonization and formation of biofilm. Hence to prevent the 
formation of biofilms, a common strategy is to cover the implant with an antibacterial 
compound, such as silver ions, UV-activated titanium oxide, or antibiotics (Kinney et 
al., 1991; Haverich et al., 1992; van de Belt et al., 2001; Oyane et al., 2006; Petrini et 
al., 2006; Wang et al., 2006). In terms of stability of the functionalized surfaces, 
covalent immobilization of antibiotics on implant surface is an alternative approach 
(Jose et al., 2005). 
 
The present chapter shows that it is possible to impart drastically different functions, 
viz., antibacterial effects and enhanced cell adhesions, on Ti surfaces starting from the 
same surface-initiated atom transfer radical polymerization (ATRP). After 
immobilization of the ATRP initiator via action of the silane coupling agent, chains of 
poly(2-hydroxyethyl methacrylate) (P(HEMA)) are tethered on the Ti substrate via 
surface-initiated ATRP. The pendant hydroxyl groups of P(HEMA) are converted to 
carboxyl or amine groups, to allow the covalent immobilization of antibiotics 
(gentamicin and penicillin) and collagen molecules on the Ti surfaces. The 
antibacterial behavior of the antibiotics-immobilized Ti surfaces against S. aureus is 
compared to that of the Ti surface modified with polymers containing quaternary 
ammonium groups. Proliferation and adhesion properties of the collagen-coupled Ti 
surfaces are investigated via culturing of 3T3 fibroblasts and osteoblasts. 
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4.2 Experimental Section 
 
4.2.1 Materials  
Titanium foil (99.6%, 0.05 mm in thickness), trichloro(4-(chloromethyl)-phenyl）silane 
(chlorosilane, 97%), 2-hydroxyethyl methacrylate (HEMA, 97%), (2-dimethylamino)- 
ethyl methacrylate (DMAEMA, 97%), dimethyl formamide (DMF), tetrahydrofuran 
(THF), triethylamine (TEA, 98%), copper(I) chloride (99%), copper(II) chloride (97%), 
N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA, 99%), 4-(dimethylamino) 
pyridine (DMAP), N-hydroxysuccinimide (NHS, 98%) ， 1-ethyl-3- 
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) (3-aminopropyl)- 
trimethoxysilane (APS, 97%), 1-bromohexane (98%), collagen (type I, calf skin), 
gentamicin sulfate (GE) and penicillin G sodium salt (PE) were obtained from Aldrich 
Chemical Company of Milwaukee, WI. The Ti foils were used without sand paper 
polishing. All the solvents used were of chromatographic or analytical grade. The 
monomers, toluene and TEA were purified according to those described in Section 
3.2.2. All other chemical reagents and solvents were used as received. Peptone, yeast 
extract, agar, and beef extract were purchased from Oxoid (Hampshire, UK). 
Staphylococcus aureus 25923 (S. aureus) were obtained from the American Type 
Culture Collection. Ultra-pure water (>18.2 MΩ -cm, from Millipore Milli-Q system) 




4.2.2 Surface Modification and Functionalization of Titanium 
Immobilization of ATRP initiator and surface-initiated ATRP 
Details on the immobilization of atom transfer radical polymerization (ATRP) 
initiator-containing chlorosilane on the Ti surface (the resulting surface is denoted as 
Ti-Cl) and surface-initiated ATRP of DMAEMA from the Ti surface have been 
described previously in Chapter 3. The phenyl-based chlorosilane had also been found 
to be efficient initiators for the surface-initiated ATRP of methacrylates (Xu et al., 
2005; Xu et al., 2005). The surface-initiated ATRP of HEMA from the Ti-Cl surface 
was carried out in a similar way. One mL of HEMA and 1 mL of doubly distilled water 
were added to a Pyrex tube. The PMDETA ligand, CuCl and CuCl2 were added 
accordingly in the ratio of [HEMA]: [CuCl]: [CuCl2]: [PMDETA] =100:1:0.2:1. The 
mixture was stirred and degassed with argon for 20 min. The Ti-Cl substrate was 
introduced into the reaction mixture. The reaction tube was sealed and kept in a 30 °C 
water bath for a predetermined period of time. After the reaction, the Ti substrate with 
surface-grafted HEMA polymer (denoted as Ti-g-P(HEMA) in the subsequent 
discussion) was removed from the solution and washed thoroughly with an excess 
amount of doubly distilled water. The processes of surface modification via ATRP and 
subsequent functionalization of the Ti-g-P(HEMA) surface are shown schematically in 
Figure 4-1. 











































































































































































Figure 4-1 Schematic diagram illustrating the processes of silanization of the Ti-OH surface to give rise to the Ti-Cl surface, surface-initiated ATRP 





Functionalization of Ti-g-P(HEMA) Surface with Gentamicin Sulfate(GE)  
About 0.1 g of succinic anhydride (SA) was dissolved in 8 mL of dioxane and the 
Ti-g-P(HEMA) substrate was introduced into the solution. About 0.12 g of 
4-(dimethylamino)pyridine (DMAP) and 0.3 mL of TEA were added to initiate the 
reaction. The reaction was allowed to proceed for 24 h at room temperature to produce 
the P(HEMA) chains with carboxyl-terminated side chains, or the 
Ti-g-P(HEMA-COOH) surface(Zalipsky et al., 1983). The substrate was washed with 
copious of amounts of ethanol and water to remove the adsorbed reagents prior to the 
subsequent reaction. 
 
GE was immobilized on the Ti-g-P(HEMA-COOH) surface via the carbodiimide 
chemistry. (Sehgal and Vijay, 1994) The COOH groups were pre-activated for 1 h at 
room temperature in the phosphate buffered saline (PBS) solution, containing 1 mg/mL 
of NHS and 10 mg/mL of EDAC. The substrates were then transferred to the PBS 
solution containing 5 mg/mL of GE. The reaction was allowed to proceed for 24 h at 
4oC to give the Ti-g-P(HEMA-SA-GE) surface. After the reaction, the reversibly 
bound GE was desorbed in copious amounts of PBS for 24 h at 4oC. 
 
Functionalization of Ti-g-P(HEMA) Surface with Penicillin Sodium Salt (PE) 
About 0.2 mL of APS was dissolved in 8 mL of dioxane, and the Ti-g-P(HEMA) 
substrate was introduced into the solution. The reaction was allowed to proceed for 24 
h at room temperature, to produce P(HEMA)chains with amine-terminated side chains, 
or the Ti-g-P(HEMA-NH2) surface. The substrate was washed with copious amounts 
of ethanol and water to remove the adsorbed reagents prior to the subsequent reaction. 
The substrates were then transferred to the PBS solution containing 5 mg/mL of PE, 1 
mg/mL of NHS and 10 mg/mL of EDAC. The reaction was allowed to proceed for 24 
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h at 4oC to produce the Ti-g-P(HEMA-PE) surface. The reversibly bound PE was 
subsequently desorbed in copious amounts of PBS for 24 h at 4oC. 
 
Quaternization of the Ti-g-P(DMAEMA) Surface 
Two mL of 1-Bromo-hexane was mixed with 2 mL of DMF in a test tube, and the 
Ti-g-P(DMAEMA) substrate was introduced into the solution. The test tube was sealed 
and heated to 85oC. The reaction was allowed to proceed for 24 h to produce the 
quaternized P(DMAEMA) chains, or the Ti-g- P(DMAEMAQ) surface. The process is 
shown schematically in Figure 4-2. 
 
Functionalization of the Ti-g-P(HEMA) Surface with Collagen 
Functionalization of the Ti-g-P(HEMA) surface directly with collagen (Route 1 in 
Figure 4-4) was first carried out as follows. The Ti-g-P(HEMA) substrates were 
transferred to the phosphate-buffered saline (PBS) solution (pH= 7.4) containing 1 
mg/mL of collagen. The reaction was allowed to proceed for 24 h at 4oC to produce the 
Ti-g-P(HEMA)-Col surface. The reversibly bound collagen was subsequently desorbed 
in copious amounts of PBS for 24 h at 4oC. 
 
To increase the density of immobilized collagen, Ti-g-P(HEMA) was first reacted with 
succinic anhydride, as described earlier (Route 2 in Figure 4-4), to produce the 
Ti-g-P(HEMA-COOH) surface. The COOH groups were preactivated for 1 h at room 
temperature in the PBS solution, containing 1 mg/mL of NHS and 10 mg/mL of EDAC. 
The substrates were then transferred to the PBS solution containing 1 mg/mL of 
collagen. The reaction was allowed to proceed for 24 h at 4oC, to produce the 
Ti-g-P(HEMA-SA-Col) surface. After that, the reversibly bound collagen was 
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Figure 4-2 Schematic diagram illustrating the processes of surface-initiated ATRP of 




Immobilizing Antibiotics without the ATRP Process (Control Experiment) 
Control experiments on direct immobilization of PE and GE on the self-assembled 
monolayers of the silane coupling agents have also been performed to illustrate the 
substantially improved anti-bacterial efficiency of the present Ti surfaces modified by 
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surface-initiated ATRP, as show in Figure 4-3. 
 
Functionalization of Ti-Cl Surface with Gentamicin Sulfate (GE) 
The Ti-Cl substrates were introduced into the phosphate-buffered saline (PBS) solution 
(pH= 7.4) containing 5 mg/mL of GE. The reaction was allowed to proceed for 24 h at 
4oC to produce the Ti-GE surface. After the reaction, the reversibly bound GE was 
desorbed in copious of amounts of PBS for 24 h at 4oC. 
 
Functionalization of Ti-OH Surface with Penicillin Sodium Salt (PE) 
APS (0.2 mL) was dissolved in 8 mL of dioxane, and the Ti substrate was introduced 
into the solution. The reaction was allowed to proceed for 24 h at room temperature, to 
produce the Ti surface with amine groups, or the Ti-NH2 surface. The substrate was 
washed with copious amounts of ethanol and water to remove the adsorbed reagents. 
The substrates were then transferred to the PBS solution containing 5 mg/mL of PE, 1 
mg/mL of NHS and 10 mg/mL of EDAC. The reaction was allowed to proceed for 24 
h at 4oC to produce the Ti-PE surface. The reversibly bound PE was subsequently 















































































Figure 4-3 Schematic diagram illustrating the control experiment of immobilizing 
antibiotics without the ATRP process 




































































































4.2.3 Determination of Antibacterial Activity 
The bacterial strain S. aureus 25923, which is commonly associated with infections of 
orthopedic implants wounds, was used for the antibacterial assay. It was cultured in the 
yeast-dextrose broth (autoclaved water solution of 10 g/L peptone, 8 g/L beef extract, 
5 g/L sodium chloride, 5 g/L glucose, and 3 g/L yeast extract at a pH of 6.8 (Cunliffe 
et al., 1999)) at 37°C . The bacteria were separated from the broth by centrifugation at 
2700 rpm for 10 min. After the removal of the supernatant, the cells were washed 
twice with sterile phosphate buffer saline (PBS) solution and then re-suspended in PBS. 
All glassware was sterilized in an autoclave at 120°C  for 20 min. The pristine and 
functionalized titanium samples were sterilized with UV irradiation for 1 h prior to the 
antibacterial experiments. 
 
The viability of the bacteria on the Ti surface was investigated by staining with a 
LIVE/DEAD Baclight bacterial viability kits (Molecular Probes, L13152, Oregon, US). 
The bacterial cell concentration was estimated by measuring the UV absorption of cell 
dispersion at the wavelength of 540 nm, based on the standard calibration (Hogt et al., 
1986). An optical density of 1.0 (default units) for the bacteria suspension at 540 nm is 
approximately equivalent to 109 cells/ml. After immersion in the bacterial suspension 
of 107 cells/mL at 37°C  for 5 h, the substrates were washed with PBS and stained 
using 0.1 mL solution of the viability kits and subsequently analyzed with a Leica 
DMLM microscope equipped with a 100 W Hg lamp.  
 
4.2.4 Cell Culturing on the Functionalized Titanium Surfaces 
The bioactivity and cell adhesion characteristics of the functionalized titanium surfaces 
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were assessed on a scanning electron microscope (SEM, JEOL, model 5600LV). For 
the cell culture on the pristine and surface-modified titanium substrates, the substrates 
were washed with PBS and then sterilized for about 1 h under UV irradiation, prior to 
being placed into the wells of a 24-well culture plate. 3T3 fibroblasts (ATCC, Passage 
35-37) were seeded into the wells at a density of 1×104 cells/well and incubated in 1 
ml Dulbecco's modified Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum, 1 mM L-glutamine, and 100 U/ml penicillin (diluted from the 20,000 
U/ml stock solution) at 37oC under a humidified 5% CO2 atmosphere. 3T3 osteoblasts 
(or the bone cells) (ATCC, Passage 18-25) were also cultured in DMEM with 
predetermined seeding concentrations and periods of time. 
 
The surfaces after 2 days of incubation were washed with PBS solution to remove the 
loosely adsorbed cells. Fixation of cells with 4% glutaraldehyde in PBS for 4 h at 4oC, 
followed by step dehydration with 25%, 50%, 70%, 95% and 100% ethanol solutions 
for 10 min each, were then carried out. The surfaces with immobilized cells were then 
dried and sputter-coated with a thin film of platinum for imaging purpose. 
 
4.2.5 Cell Adhesion Test under Centrifugal Forces 
The centrifugal force tests on the pristine and collagen modified Ti surfaces were 
carried out after culturing the bone cells for 2 days. The substrates were fixed on the 
microplates, and the wells of microplates were filled with PBS. The plates were then 
covered and sealed with sealing tapes, and centrifuged upside down at a specified 




4.2.6 Surface Characterization 
Determination of chemical composition of the modified titanium surfaces, 
measurement of the thickness of the polymer films and static water contact angles of 
the substrates were similar to those described in Section 3.2.1. 
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4.3 Results and Discussion 
4.3.1 Immobilization of the Atom Transfer Radical Polymerization (ATRP) 
Initiator on the Titanium Substrate via a Silane Coupling Agent  
 
The chemical composition of the titanium surface at various stages of surface 
modification was determined by X-ray photoelectron spectroscopy (XPS). Figure 4-5(a) 
and Figure 4-5 (b) show the wide scan spectra of the pristine (hydroxide-covered) 
titanium (Ti-OH) and the trichloro(4-(chloromethyl)-phenyl) silane-coupled titanium 
(Ti-Cl) surfaces, respectively. It is generally known that the oxide film grows 
spontaneously on the titanium surface upon exposure to air (Sittig et al., 1999). The 
wide scan spectrum of the pristine titanium surface is dominated by signals attributable 
to titanium and oxygen. A weak carbon signal is also discernible, probably due to 
hydrocarbon contamination of the sample surface exposed to the ambient atmosphere 
prior to XPS measurements (Lausmaa, 1996). 
 
For the preparation of polymer chains on the Ti surface, a uniform and dense 
monolayer of initiator immobilized on the titanium surface is indispensable. The 
triethylamine (TEA)-catalyzed chlorosilanization of the Ti-OH surface produced a 
stable initiator monolayer (as suggested by a uniformation increase in surface organic 
layer thickness of only about 0.4nm in ellipsometry measurements) via the Ti-O-Si 
bonds as discussed in Chapter 3. The appearance of the Si and Cl signals, the increase 
in C signal intensity, and the persistence of a Ti signal of reduced intensity in the wide 
scan spectrum of the Ti-Cl surface in Figure 4-5 (b) are consistent with the presence of 
a coupled chlorosilane layer on the Ti surface. Thus, the benzyl chloride groups have 

































4.3.2 Surface-Initiated ATRP from the Ti-Cl Surface 
It has been shown in Chapter 3 that the physicochemical properties of the titanium 
surface can be tuned by surface-initiated ATRP of vinyl monomers. In this work, 
polymers of 2-hydroxyethyl methacrylate (HEMA) and (2-dimethylamino)ethyl 
methacrylate (DMAEMA) were immobilized on separate Ti substrates via 
surface-initiated ATRP (Figure 4-1 and Figure 4-2, respectively). The pendant 
hydroxyl end groups of the grafted HEMA polymer (P(HEMA)) chains can be 
converted into various functional derivatives (Wang et al., 2001). The grafted 
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DMAEMA polymer (P(DMAEMA)) can be further functionalized via quaternization 
of the amino pendant groups (Zeng et al., 2002). 
 
At the initial stage of ATRP, a sufficient concentration of the deactivating Cu(II) 
complex is necessary to quickly establish an equilibrium between the dormant and the 
active chains. If this equilibrium is not controlled properly, the process resembles that 
of the conventional redox-initiated radical polymerization (Baum and Brittain, 2002). 
In this work, the method of addition of Cu(II) complex (CuCl2) was adopted to control 
the surface-initiated ATRP of HEMA and DMAEMA from the Ti-Cl surface. The 
molar ratio of [HEMA, or DMAEMA monomer]:[CuCl (catalyst)]:[CuCl2 
(deactivator)]:[PMDETA ligand] was controlled at 100:1:0.2:1. 
 
The titanium surfaces with grafted P(HEMA) and P(DMAEMA) chains are referred to 
as the Ti-g-P(HEMA) and Ti-g-P(DMAEMA) surfaces, respectively. Figure 4-6 (a) 
shows the wide-scan spectrum of the Ti-g-P(HEMA) surface from 1 h of ATRP. The 
Ti surface was fully covered by the polymer chains to a thickness greater than the 
sampling depth of the XPS technique (about 7.5 nm in an organic matrix(Yu et al., 
2003)), since the Ti 2p peak component at the binding energy (BE) of about 460 eV 
(Moulder and Chastain, 1992) was no longer discernible in the wide scan spectrum. 
The C 1s core-level spectrum of the Ti-g-P(HEMA) surfaces in Figure 4-7 (a) can be 
curve-fitted into three peak components with BEs at 284.6, 286.2, and 288.5 eV, 
attributable to the C-H, C-O (and C-Cl at the chain ends), and O=C-O species, 
respectively. The inset of Figure 4-6 (a) shows the Cl 2p signal on the Ti-g-P(HEMA) 
surface, which consists of a doublet with the Cl 2p3/2 and Cl 2p1/2 peak components at 





































Figure 4-6 XPS wide scan spectra of (a) the Ti-g-P(HEMA) surface from 1 h of 
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Figure 4-7 (a,b) C 1s core-level spectra of the Ti-g-P(HEMA) surface from 1 h of 
surface-initiated ATRP of HEMA, and the corresponding Ti-g-P(HEMA-COOH) 
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Figure 4-8 (a, b) C 1s and N 1s core-level spectra of the Ti-g-P(DMAEMA) surface, and 




The C 1s and N 1s core-level spectra of the Ti-g-P(DMAEMA) surfaces from 5 h of 
ATRP are shown in Figure 4-8 (a) and (b), respectively. The C 1s core-level spectrum 
of the Ti-g-P(DMAEMA) surfaces can be curve-fitted into three peak components with 
BEs at 284.6, 2855, 286.2, and 288.5 eV, attributable to the C-H, C-N, C-O (and C-Cl 
at the chain ends), and O=C-O species, respectively. 
 
The thicknesses of the various graft layers have been determined earlier in Chapter 3 
by ellipsometry for surface-initiated ATRP carried out on atomically flat Ti-coated 
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silicon wafers under conditions similar to those used in the present study on Ti foil. 
For example, the thickness of the P(DMAEMA) layer from 5 h of surface-initiated 
ATRP is about 18 nm. The thickness of the P(HEMA) layer from 1 h of 
surface-initiated ATRP is measured, using the same method, in this work to be about 
124 nm. 
 
4.3.3 Immobilization of Antibiotics on the Ti-g-P(HEMA) Surfaces 
(3-aminopropyl)trimethoxysilane (APS) has been widely used for introducing –NH2 
groups onto substrates containing hydroxyl groups(Xiao et al., 1997; Klee et al., 2004; 
Muller et al., 2005). The successful silanization of the Ti-g-P(HEMA) surface, via the 
pendant hydroxyl end group of P(HEMA), with (3-aminopropyl)trimethoxysilane 
(APS) is suggested by the appearance of the Si and N signals in the wide scan 
spectrum of the resulting Ti-g-P(HEMA-NH2) surface (Figure 4-6 (b)). Thus, the 
amine groups have been successfully introduced onto the Ti-g-P(HEMA) surface to 
cater for the subsequent immobilization of penicillin (PE) on the surface. For the 
immobilization of PE on the Ti-g-P(HEMA-NH2) surface, the COOH groups of PE 
were activated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDAC) and N-hydroxysuccinimide (NHS) prior to being allowed to react with the 
–NH2 groups on the Ti-g-P(HEMA-NH2) surface to produce the Ti-g-P(HEMA-PE) 
surface (see Figure 4-1). As shown in Figure 4-6 (c), the appearance of the S signals 
(from sulfur-containing species present in PE) at about 164 eV and 229 eV (Moulder 
and Chastain, 1992) in the wide scan spectrum confirms the successful immobilization 
of PE. 
 
For the immobilization of gentamicin (GE) on the Ti-g-P(HEMA) surface, the pendant 
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hydroxyl end groups of P(HEMA) were converted to carboxyl groups, via coupling of 
succinic anhydride, to produce the Ti-g-P(HEMA-COOH) surface (see Figure 4-1). 
The C 1s core-level spectra of the Ti-g-P(HEMA-COOH) surfaces can be curve-fitted 
into three peak components with BEs at 284.6, 286.2, and 288.5 eV, attributable to the 
C-H, C-O/C-Cl, and O=C-O species, respectively (Figure 4-7 (b)). In comparison with 
the C 1s core-level spectrum of the starting Ti-g-P(HEMA) surface (Figure 4-7 (a)), 
the decrease in C-O peak component and the increase in O=C-O peak component 
confirm the conversion of the hydroxyl groups of HEMA to the carboxyl groups. 
 
The surface composition of the Ti-g-P(HEMA), Ti-g-P(HEMA-NH2) and 
Ti-g-P(HEMA-COOH) surface is also revealed and confirmed by the reflectance IR 
spectroscopy results as shown in Figure 4-9. The band at around 1715 cm-1 is 
attributable to the C=O groups of the Ti-g-P(HEMA), Ti-g-P(HEMA-COOH) and 
Ti-g-P(HEMA-NH2) surfaces. The band at around 1597 cm-1 is attributable to N-H 
scissoring, and the strong broad band at around 1104 cm-1 is attributable to Si-O-Si 
antisymmetric stretching, present only on the Ti-g-P(HEMA-NH2) surface. 
 
The carboxyl groups on the Ti-g-P(HEMA-COOH) surface were first activated with 
NHS and EDAC, and then reacted with the –NH2 groups of GE molecules to produce 
the Ti-g-P(HEMA-SA-GE) surface (see Figure 4-1). As shown in Figure 4-7 (c), the C 
1s core-level spectrum of the Ti-g-P(HEMA-SA-GE) surface can be curve-fitted into 
five peak components with BEs at 284.6, 285.6, 286.2, 287.6 and 288.5 eV, 
attributable to the C-H, C-N, C-O/C-Cl, O=C-N and O=C-O species, respectively. The 
C-N peak component is associated with linkages in the GE molecules. The O=C-N 
peak component is probably associated with the linkage formed between the –COOH 
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group and –NH2 of the GE molecule. The covalent immobilization of GE is further 


















Figure 4-9 Reflectance IR spectra of the pristine Ti surface, Ti-g-P(HEMA) surface 





Moreover, the surface concentration of immobilized PE and GE can be expressed as 
the [S]/[N] and [N]/[C] ratio, respectively, as determined from the sensitivity 
factor-corrected N 1s, C 1s and S 2p core-level spectral area ratios of the 
functionalized surfaces. The average [S]/[N] ratio for three Ti-g-P(HEMA-PE) samples 
tested is 1/6.1, whereas the theoretical [S]/[N] ratio under optimum immobilization 
conditions (with every unit of –OH converts to –NH2, and every unit of –NH2 reacts 
with one molecule of PE which has an inherent [S]/[N] ratio of 1/2) is calculated to be 
1/3. On the other hand, the average [N]/[C] ratio for three Ti-g-P(HEMA-SA-GE) 
samples tested is 1/12.9, whereas the [N]/[C] ratio under optimum immobilization 
condition (with every unit of –OH converts to –COOH, and every unit of –COOH 
reacts with one molecule of GE which has an inherent [N]/[C] ratio of 1/4.2) is 
calculated to be 1/6.2. An [S]/[N] ratio of 1/6.1 corresponds to substitution of 25% of 
the surface functional groups by PE, while an [N]/[C] ratio of 1/12.9 corresponds to 
substitution of 23% of the surface functional groups by GE. Therefore, about one 
fourth of the surface functional groups have coupled with PE or GE molecules. 
 
4.3.4 Quaternization of the P(DMAEMA) Chains 
The respective XPS Br 3d and N 1s core-level spectra of the 1-bromohexane 
quaternized Ti-g-P(DMAEMA) surface, or the Ti-g-P(DMAEMA-Q) surface, are 
shown in Figure 4-8 (c) and Figure 4-8 (d). The N 1s core-level spectrum of the 
Ti-g-P(DMAEMA-Q) surface can be curve-fitted into two peak components with BEs 
at 399.4 eV and 402.6 eV, which are attributable to the N-C and N+ species, 
respectively. The appearance of the positively charged nitrogen (N+) species and the Br 
3d signal, with the BE for the Br 3d5/2 component at about 67.6 eV, characteristic of 
the bromide anion (Shi et al., 2005), confirms the quaternization process. The N+/N 
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ratio is calculated to be 0.81, indicating that about 81% of the amino groups in of the 
DMAEMA chains have been quaternized by 1- bromohexane. 
 
4.3.5 Functionalization of the Ti-g-P(HEMA) Surface with Collagen 
One of the unique characteristics of polymers synthesized by ATRP is the preservation 
of the “dormant” end groups (the terminal alkyl halides). The dormant chain ends on 
the hybrid surfaces can be re-activated and offer opportunities for further surface 
functionalization and molecular design. In this work, the dormant chloride end groups 
were used as leaving groups in the nucleophilic substitution reaction with the –NH2 
groups of collagen (Rao, 1995; Gungormus and Kaya, 2002). The reaction of collagen 
with the Ti-g-P(HEMA) surface produced the collagen-functionalized hybrid surface, 
or the Ti-g-P(HEMA)-Col surface, as shown in Route 1 of Figure 4-4. The C 1s 
core-level spectra of the Ti-g-P(HEMA)-Col surface can be curve-fitted into five peak 
components with BEs at about 284.6, 285.6, 286.2, 287.6 and 288.5 eV, attributable to 
the C-H, C-N, C-O, O=C-N and O=C-O species, respectively (Figure 4-10 (a)). The 
C-N peak component is associated with linkages in collagen itself, as well as linkages 
between P(HEMA) and collagen. The O=C-N peak component is associated with the 
peptide bonds in collagen.  
 
One way to enhance the extent of collagen immobilization is to functionalize the 
pendant hydroxyl end groups of P(HEMA) for reaction with the –NH2 groups of 
collagen. Therefore, Route 2 of Figure 4-4 was implemented to covert the pendant 
–OH groups to –COOH groups via coupling of succinic anhydride, producing the 
Ti-g-P(HEMA-COOH) surface. The COOH groups on the Ti-g-P(HEMA-COOH) 
surface were pre-activated with NHS and EDAC to facilitate the reaction with the 
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–NH2 groups of collagen, producing finally the Ti-g-P(HEMA-SA-Col) surface (see 
Figure 4-4). As shown in Figure 4-10 (b), the XPS C 1s core-level spectra of the 
Ti-g-P(HEMA-SA-Col) surfaces can be curve-fitted into five peak components with 
BEs at about 284.6, 285.6, 286.2, 287.6 and 288.5 eV, attributable to the C-H, C-N, 
C-O, O=C-N and O=C-O species, respectively. The C-N peak component is associated 
predominantly with linkages in collagen itself. The O=C-N peak components is 
associated with the peptide bonds in collagen, as well as the linkages between 
P(HEMA-COOH) and collagen. 
 
Comparing the collagen-functionalized surfaces obtained via the two routes, the C 1s 
component areas of the C-N and O=C-N species are much larger in Figure 4-10 (b) 
than those in Figure 4-10 (a). Moreover, the relative concentration of immobilized 
collagen can be expressed as the [N]/[C] ratio, as determined from the sensitivity 
factor-corrected N 1s and C 1s core-level spectral area ratios of the 
collagen-functionalized surface. The [N]/[C] ratio are about 0.20 and 0.01, respectively, 
for the Ti-g-P(HEMA-SA-Col) and Ti-g-P(HEMA)-Col surfaces. 
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4.3.6 Antibacterial Assay 
The antibacterial effects of the surface-functionalized titanium substrates were 
investigated by comparison of the number of viable S. aureus cells after being in 
contact with these substrate surfaces. The distribution of viable and dead bacteria on 
the surface of the substrates, after immersion in the bacterial suspension of 107 
cells/mL for 5 h at 37oC, was observed via staining with a combination dye. The dye 
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consists of propidium iodide (PI) and SYTO 9, which will diffuse into the cell and 
fluoresce upon binding to nucleic acids (Rowan et al., 2002; Gray et al., 2003). SYTO 
9 is membrane permeable and therefore stains both viable and non-viable bacteria 
(green fluorescence), whereas PI has a higher affinity for nucleic acids (red 
fluorescence) but is excluded from viable cells by membrane pumps (Rowan et al., 
2002; Gray et al., 2003). Thus, under the fluorescence microscope, viable cells (appear 
green) and dead cells (appear red) can be distinguished. Figure 4-11 shows the 
fluorescence microscopy images (observed under green and red optical filters) of the 
functionalized titanium surfaces after exposure to S. aureus. The presence of a high 
concentration of viable cells (stained green) can be seen on the pristine titanium 
surface (Figure 4-11 (a)), while only a few dead cells are observed (Figure 4-11 (b)). 
With the immobilization of PE molecules, the number of viable cells decreases and the 
number of dead cells increases (as shown in Figure 4-11 (c) and Figure 4-11 (d), 
respectively). An even lower density of viable cells is observed on the titanium surface 
with immobilized GE molecules (Figure 4-11 (e) and Figure 4-11 (f)). In the case of 
the Ti-g-P(DMAEMA-Q) surface, there are only very few viable cells (Figure 4-11 (g)) 
and the vast majority of the cells are dead or stained red (Figure 4-11 (h)). The 
fluorescence microscopy results suggest that the covalently immobilized antibiotics are 
effective in eliminating the bacteria upon contact. The effectiveness of 
surface-immobilized antibiotics is comparable to that of quaternized amines commonly 





Figure 4-11 Fluorescence microscopy images of the pristine and functionalized Ti 
surfaces under the green filter (a, c, e, g) and the red filter (b, d, f, h), after immersion in 











It has been reported that, the efficacy of killing bacteria is depending on the chain 
density of the DMAEMA-Q brushes, as well as on the chain length of the polymer 
brushes (or the thickness of the polymer film)(Murata et al., 2007). The surface charge 
density for Ti-g-P(DMAEMA-Q) surface is 69 units/nm2, as determined in Chapter 3, 
which is consistent with the report that the most bactericidal surfaces had charge 
densities of greater than 10-50 accessible quaternary amine units/nm2 (Murata et al., 
2007). 
 
Interactions between polyquaternary amine groups and bacterial cell membranes are 
believed to have compromised and disrupted the cell membranes, resulting in an 
increase in the permeability of the cellular membranes (Ravikumar et al., 2006). 
Gentamicin belongs to the amino glycoside family of antibiotics. It works by binding 
and blocking the translocation of small subunits of the bacterial ribosome, interrupting 
protein synthesis (Magnet and Blanchard, 2005). Penicillin refers to a group of 
β-lactam antibiotics and works by inhibiting the formation of peptidoglycan cross-links 
in the bacterial cell wall (Bayles, 2000; Novak et al., 2000). While the mechanism of 
antibacterial action of the immobilized antibiotic is not revealed, it is proposed that 
upon contact with bacterial cells, the antibiotics which are immobilized on the flexible 
chains of P(HEMA) can enter bacterial membrance, so that GE can bind to the 
polyanionic 16S rRNA on the 30S ribosome and PE can bind with transpeptidases, or 
penicillin-binding proteins (PBPs) (Lorian, 1996). These processes form stable 
complex, and deactivate the RNA and protein, which are essential for viability of the 
bacteria. 
 
Control experiments on the antibacterial effect of directly immobilized monolayers of 
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PE and GE via the method of sequential conjugation (as in Figure 4-3) have also been 
performed. The successful immobilization of antibiotics by sequential conjugation has 
been confirmed by XPS: an [S]/[N] ratio of 1/6.4 corresponds to substitution of 22.7% 
of the surface functional groups by PE, while an [N]/[C] ratio of 1/33.6 corresponds to 
substitution of 4.8% of the surface functional groups by GE. Since the thickness of the 
antibiotic layer obtained from sequential conjugation (less than 7 nm as shown by XPS) 
is much less than the thickness of P(HEMA) layer (124 nm) obtained by the 
surface-initiated technique, the immobilized antibiotic concentration (molecules per 
surface area) on Ti-g-P(HEMA-SA-GE) and Ti-g-P(HEMA-PE) surfaces is much 
higher than those on the Ti-GE and Ti-PE surfaces. The higher surface antibiotic 
concentration can result in higher chance for the immobilized antibiotic to enter the 
bacterial membrance. 
 
The fluorescence microscopy images for the control test are shown in Figure 4-12. 
Both Ti-PE and Ti-GE surfaces show the persistence of much higher concentrations of 
viable cells than dead cells. The substantially improved anti-bacterial efficiency of the 
present Ti surfaces should be attributable to the high mobility and higher surface 
concentration of the immobilized antibiotics, which is provided by the surface-initiated 
ATRP technique. This result is consistent with the reported hypothesis that extension 
of antibiotic molecules from the surface with a hydrophilic and flexible linker is 
crucial for the antibiotic molecules to enter bacterial cell membrance and then to bind 











Figure 4-12 Fluorescence microscopy images of the Ti-PE, Ti-GE surfaces under the 
green filter (a, c) and the red filter (b, d), after immersion in the bacterial suspension (107 




4.3.7 Fibroblast Cell Culture on the Functionalized Titanium Surfaces 
The bioactivity and cell adhesion properties of the Ti-polymer hybrid surfaces were 
evaluated by culturing of a cell line, 3T3 fibroblasts. Figure 4-13 show the 
representative SEM images of the fibroblasts cultured for 2 days at 37oC in a medium 
containing 104 cells/mL on the (a) pristine (oxide/hydroxide-covered) Ti, (b) 
(a) (b) Ti-PE 
(c) (d) Ti-GE 
Chapter 4 
 112
Ti-g-P(HEMA), (c) Ti-g-P(HEMA)-Col and (d) Ti-g-P(HEMA-SA-Col) surfaces. The 
cells adhere and proliferate on the pristine Ti surface. However, almost no cell is found 
attach on the Ti-g-P(HEMA) surface. Although the P(HEMA) layer exhibits excellent 
biocompatibility and possesses physical properties similar to those of living tissues 
(Fleming and Sefton, 2003), the hydrophilicity and high surface mobility of P(HEMA) 
chains, similar to those of the poly(ethylene glycol) (PEG) chains in water, probably 







Figure 4-13 SEM images of (a) the pristine Ti, (b) Ti-g-P(HEMA), (c) 
Ti-g-P(HEMA)-Col, (d)Ti-g-P(HEMA-SA-Col) surfaces after 2 days of 3T3 fibroblast 
cell culturing at an initial seeding concentration of 104 cells/mL. 
(d) Ti-g-P(HEMA-SA-Col) 









Collagen, a polymer derived from nature, exhibits good cell adhesion properties, 
biodegradability, weak antigenecity and superior biocompatibility in tissue replacement 
and wound healing (Rao, 1995). It is clear that coupling of P(HEMA) with collagen has 
induced cell adhesion and proliferation properties on the Ti-polymer hybrid surfaces. As 
shown in Figure 4-13 (c) and (d), cells have adhered and proliferated well on the 
Ti-g-P(HEMA-SA-Col) surface, and the cell density is higher than that of the pristine Ti 
surface. On the other hand, the number of cells found on the Ti-g-P(HEMA)-Col surface 
remain small, due to the small amount of collagen immobilized on the 
Ti-g-P(HEMA)-Col surface prepared via the procedure shown in Route 1 of Figure 4-4. 
These results confirm that the covalently immobilized collagen on the titanium surface 
is biologically active and can greatly enhance cell adhesion and proliferation. 
 
4.3.8 Osteoblast Cell Culture on the Functionalized Titanium Surfaces 
The titanium substrates are mainly used for hard tissue replacements, and are normally 
in contact with the bones. To further investigate the effect of immobilized collagen on 
titanium surface, osteoblast cells are cultured on the pristine Ti and the 
Ti-g-P(HEMA-SA-Col) surfaces. Two cell seeding concentrations were used: 20,000 
cells/mL and 5,000 cells/mL (see Figure 4-14). Right after seeding, the cells were 
rounded and floating in the medium. They gradually adhered and spread out on the 
substrate surface, exhibition a strong migration tendency. For the higher seeding 
concentration, the cells on the Ti-g-P(HEMA-SA-Col) surface (Figure 4-14 (a)) 
multiply themselves rapidly. After 4 days of culturing, a confluent cell sheet has 
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formed, while a much lower cell concentration is found on the pristine Ti surface 
(Figure 4-14 (b)). For the lower seeding concentration of 5000 cells/mL, the cells 
concentration on the Ti-g-P(HEMA-SA-Col) surface (Figure 4-14 (c)) is still higher 






Figure 4-14 SEM images of (a, c) Ti-g-P(HEMA-SA-Col) surfaces and (b, d) pristine Ti 
surfaces after 4 days of 3T3 osteoblast cell culturing at initial seeding concentrations of 
2×104 cells/mL (for a and b) and 5×103 cells/mL (for c and d). 
 
 
Osteoblast cells (and various other cell types) in vitro have been shown to depend 
primarily on the adsorbed vitronectin or fibronectin for the initial adhesion and 
(b) Pristine Ti (a) Ti-g-P(HEMA-SA-Col) 
(c) Ti-g-P(HEMA-SA-Col) (d) Pristine Ti 
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spreading on materials. Thus, the ability of materials to adsorb such proteins (in an 
active state) from serum determines their ability to support cell adhesion and 
proliferation, and constitutes an important aspect of their biocompatibility. These 
proteins are known to become adsorbed on pristine titanium surface (Davies et al., 
1990). However, an initial incubation period is required for the adsorbed proteins to 
build up on the Ti surface, prior to the attachment of the osteoblast (or other cell types) 
on the surface. Therefore, during the initial stage, adhesion and proliferation of cells on 
pristine titanium surface are less favorable than those on the collagen modified surface. 
 
To further compare the adherence of osteoblast on the pristine and 
collagen-immobilized Ti surfaces, cell adhesion under progressive centrifugal forces 
was investigated. As shown in Figure 4-15 (a) and (b), at a high seeding concentration 
of 105 cells/mL and after culturing for 2 days, cells on both the collagen modified 
surface (or Ti-g-P(HEMA-SA-Col) surface) and the pristine Ti surface formed a 
confluent cell sheet. In order to evaluate the cell adhesion characteristics on the 
modified Ti surfaces, it is essential to expose the Ti-cell interface. Thus, substrates 
with osteoblast culture of 2 days, instead of 7 days, were used to avoid over-crowding 
the cells on the substrate surface. As the centrifugal force increases gradually from 0 to 
500, 1000 and 1500 revolutions per minute (rpm), while keeping the centrifugation 
time constant at 5 min, the osteoblasts on the pristine Ti surface were removed 
gradually (compare Figure 4-15 (b), (d), (f), (h)). At the centrifugal speed of 1500 rpm, 
only few cells remain attached to the surface (Figure 4-15 (h)). On the other hand, for 
the Ti-g-P(HEMA-SA-Col) surfaces, cell detachment under the corresponding 





Ti-g-P(HEMA-SA-Col) Pristine Ti 
 
 
Figure 4-15 SEM images of (a, c, e, g) the Ti-g-P(HEMA-SA-Col) surfaces and (b, d, f, 
h) the pristine Ti surfaces after 2 days of 3T3 osteoblast cell culturing, at an initial 
seeding concentration of 105 cells/mL, followed by centrifugation for 5 min each at the 












Collagen I, as a main component of the extracellular matrices of mammalian tissues, 
including skin, bone, cartilage, tendon and ligament, has been known to interact 
actively with adhered cells via integrin β1 in its structure (Geissler et al., 2000), 
resulting in a more rapid formation of focal adhesions. Moreover, because of the 
covalent bonding between the collagen and the Ti-polymer hybrid, the cells adhering 
to the surface of immobilized collagen can withstand a larger centrifugal force than 





Through the action of a trichlorosilane coupling agent, an ATRP initiator monolayer 
was immobilized on the oxidized titanium (Ti-OH) surface. The functionalities of the 
Ti-polymer hybrids, prepared via surface-initiated ATRP, can be further enhanced. 
Thus, through immobilization of antibiotics on or quaternization of the polymer chains, 
as well as through coupling of collagen, two extreme functionalities, viz., 
antimicrobial and cell proliferation functions, can be imparted on the Ti surfaces. 
Almost complete inhibition of S. aureus growth on the quaternized or 
antibiotics-immobilized Ti-polymer surfaces was achieved. On the other hand, 
enhanced proliferation and growth of both the fibroblast and osteoblast were achieved 
on the collagen-coupled surfaces. Thus, surface-initiated ATRP provides a simple and 
effective route to the modification and functionalization of titanium surfaces. The 
process is potentially useful to the fabrication of titanium-based medical and 
biomedical devices with antimicrobial property or enhanced biocompatibility. 
 
  
CHAPTER 5  
BACTERIAL ADHESION AND OSTEOBLAST 






Due to favorable interactions of cells with the surface of titanium (Ti) (Davies et al., 
1990; Brunette et al., 2001), it is used extensively as load-bearing, bone-contacting 
implant material to replace or restore the functions of diseased and damaged tissues 
(Davies, 2000). One of the related issues that attracted considerable attention is the 
occurrence of infections related to implanted materials, despite full sterility and 
preoperative antibiotic prophylaxis (Montanaro et al., 2007). Colonization and 
formation of biofilms on the implant surfaces by bacteria, such as Staphylococcus 
aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis), have been 
reported as the main cause of implant infection (Stewart, 2002; Campoccia et al., 
2006). The effectiveness of systemic and local antibiotic prophylaxis against infections 
of implanted devices is constrained by the continual evolution of antibiotic-resistant 
bacteria (Montanaro et al., 2007). In addition, bacterial biofilms are very resistant to 
host defense system or antibiotic due to the delayed penetration or diffusion of 
antibacterial agents into the biofilms. On the other hand, osseointegration of 
orthopedic implants with the local hard tissue is critical for long term successful 
integration of the implant. Enhancement of mammalian cell adhesion, proliferation and 
differentiation will significantly reduce the physical suffering, psychological impact 
and health care cost of patients (Song et al., 2004).  
 
Heparin, a highly sulfated anionic polysaccharide comprising repeating glucosamine 
and uronic acid residues (see Figure 5-1), has been reported to possess 
anti-thromobogenicity and strong hydrophilicity, which prevent adhesion of bacterial 
cells and is an excellent candidate as anti-adhesive coating (Arciola et al., 1993; Abu 
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El-Asrar et al., 1997; Fu et al., 2005). In addition, heparin can interact with a variety of 
proteins that have heparin-binding domains, including various growth factors (Weber 
et al., 2002). Heparin-functionalized hydrogel has been used for enhancing adhesion, 
proliferation and differentiation of human mesenchymal stem cells (hMSC)(Benoit and 
Anseth, 2005; Benoit et al., 2007), and microencapsulated heparin was found to 
increase the growth of hMSC (Luong-Van et al., 2007). 
 
 












Figure 5-1 Chemical structure of heparin. 
 
 
The present work investigates the possibility of using heparinized Ti surface to achieve 
simultaneous antibacterial effect and enhanced osteoblast function. The heparin 
molecules were tethered on the Ti substrate via a biomimetic anchor, dopamine. The 
adhesion behavior of S. aureus and S. epidermidis on the heparin-functionalized Ti 
surfaces was assayed and compared to that on the pristine Ti surface. Osteoblast 
adhesion, proliferation, and alkaline phosphatase (ALP) activity on the 
heparin-functionalized Ti surfaces were also investigated. 
 
5.2 Materials and Methods 
5.2.1 Materials  
Dopamine hydrochloride (dopamine), heparin sodium salt from porcine intestinal 
mucosa (heparin), p-nitrophenylphosphate (PNPP), p-nitrophenol, ascorbic acid, 
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β-glycerophosphate were purchased from Sigma-Aldrich. Toluidine blue (TB) was 
purchased from Fluka. S. epidermidis 12228 was purchased from the American Type 
Culture Collection (ATCC). Titanium substrates, other chemicals and cells employed 
have been described in Section 4.2.2. 
 
5.2.2 Surface Functionalization of Titanium  
Surface modification of titanium comprised 2 steps, as shown in Figure 5-2. The first 
step involved the anchoring of dopamine on the Ti surface. In the second step, heparin 
was conjugated to the dopamine anchor. Two methods were used for the first step. The 
details of the first method (Method 1) have been described previously (Fan et al., 2006; 
Shi et al., 2008). Briefly, the titanium foil was cut into pieces of dimensions 3 cm×1 
cm. The substrates were washed according to the procedure described in Section 3.2.3, 
and then placed in a plasma etcher to further clean the surfaces. The Ti substrates were 
immersed in a 1 mg/mL aqueous solution of dopamine (without stirring or shaking) 
overnight in a sealed tube in the dark. The substrates were then rinsed with copious 
amount of ultrapure water to remove the unattached dopamine and dried under 






















































Figure 5-2 Schematic diagram illustrating the coating of Ti surface with dopamine via 
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two methods, giving rise to the Ti-dop and Ti-polydop surface, and the subsequent 
immobilization of heparin on the prepared dopamine-coated Ti substrates. 
 
 
In the second method (Method 2), Ti was coated with polydopamine as described 
elsewhere (Lee et al., 2007), to increase the density of immobilized heparin. The 
process was similar to Method 1 except slightly different conditions were used: the 
substrates were immersed overnight in an aqueous solution of dopamine, buffered to 
the typical pH of the marine environment (2 mg of dopamine per milliliter of 10 mM 
tris, pH 8.5). Shaking was employed to accelerate the coating process. The resulting 
surface is denoted as Ti-polydop. 
 
The second step involving the immobilization of heparin onto the Ti-dop or Ti-polydop 
surface was carried out via the carbodiimide chemistry.(Sehgal and Vijay, 1994) The 
substrates were transferred to the phosphate buffered saline (PBS) solution containing 
1 mg/mL of NHS, 10 mg/mL of EDAC and predetermined concentration of heparin. 
The reaction was allowed to proceed at 4oC for 24 h to produce the Ti-dop-hep and 
Ti-polydop-hep surfaces. The reversibly bound heparin was subsequently desorbed in 
copious amounts of PBS for 24 h at 4oC. 
 
The concentration of heparin was analyzed using TB.(Kang et al., 1996; Li et al., 2005) 
A known amount of aqueous heparin solution (2 ml) was added to the TB solution (3 
ml, 8.6 mg of TB, 2.0 g of NaCl in 1000 mL of 0.01M hydrochloric acid) and the 
mixture was agitated by a vortex mixer for 15 min. Three milliliters of n-hexane was 
then added, and the mixture was shaken vigorously so that the TB-heparin complex 
was extracted into the organic layer. The uncomplexed TB cannot be extracted into the 
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hexane phase, hence is left in the aqueous phase. Its absorbance was measured using a 
UV-visible absorption spectrophotometer (Shimadzu UV-3101) at the wavelength of 
631 nm. The linear relationship between the absorbance (attributed to the residual TB) 
and the concentration of heparin in the aqueous solution was used as a calibration 
curve. The concentration of heparin immobilized on the Ti substrates was then 
determined using the calibration curve. TB solution (3 mL) was mixed with 2 mL of 
water and the heparin-functionalized Ti substrate was immersed in the solution for 15 
min. n-hexane (3 mL) was added and the mixture was shaken vigorously. After the 
removal of the film, the absorbance of the aqueous layer was assayed and the amount 
of heparin was then calculated using the previously established calibration curve. 
 
5.2.3 Surface Characterization 
Determination of chemical composition and static water contact angles of the modified 
titanium surfaces was similar to those described in Section 3.2.1. 
 
5.2.4 Antibacterial Assay 
The antibacterial assay comprised two experiments to investigate whether the 
functionalized surfaces (a) reduced bacterial adhesion and/or (b) killed the bacteria. 
(a) Effect on Bacterial Adhesion  
Bacterial adhesion characteristics of the functionalized titanium surfaces were assessed 
via fluorescence microscope imaging and the spread plate method. S. aureus and S. 
epidermidis were cultured in tryptic soy broth and nutrient broth respectively as 
recommended by ATCC. To produce enough bacteria for testing, the seeding bacteria 
were incubated overnight at 37 oC with agitation in the broth. An aliquot of bacterial 
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culture was then added to the broth and incubated for another 2 h at 37 oC, to ensure 
the bacteria were proliferating at the exponential phase. The viability of the bacteria on 
the surfaces of substrates was investigated according to the procecures described in 
Section 4.2.4. 
 
Quantification of bacterial adhesion was carried out as follows: after incubation in 
bacterial suspension for 5 h (as described above), the substrates were removed with 
sterile forceps and gently washed with PBS. The substrates were then placed in broth 
and the bacteria retained on substrates were dislodged by mild ultrasonication for 2 
min in a 100 W ultrasonic bath operating at a nominal frequency of 50 Hz, followed by 
rapid vortex mixing (10 s). Serial ten-fold dilutions were performed and viable counts 
were estimated using the spread plate method. The number of bacteria on each 
substrate surface was counted and expressed relative to the surface area of the substrate 
(number of bacteria/cm2). 
 
(b) Bactericidal Properties 
To determine whether the functionalized Ti surface possessed bactericidal properties, 
the pristine and functionalized Ti substrates were immersed in S. aureus and S. 
epidermidis bacteria suspensions in PBS at a concentration of 107 cells/mL. After 5 
hours of incubation and shaking, bacteria retained on the substrates were dislodged by 
mild ultrasonication for 2 min in a 100 W ultrasonic bath operating at a nominal 
frequency of 50 Hz followed by rapid vortex mixing (10 s). The numbers of viable 
bacteria in the suspension were measured by the spread plate method, as described 
above. The numbers of bacteria were counted and normalized by the number obtained 
with the pristine Ti control surface. A decrease in the number of viable bacterial cells 
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in the suspension would indicate that these cells were killed upon contact with the 
substrates. 
 
5.2.5 Cell Culture 
Mouse osteoblast cell line MC3T3-E1 cells were cultured in alpha minimum essential 
medium (Invitrogen, USA) supplemented with 10% fetal bovine serum, 100U/ml 
penicillin and 100 mg/ml streptomycin. The cells were cultured, detached and 
suspended in fresh culture medium, as described in Section 4.2.5. The suspended cells 
were used for the experiments described below.  
 
5.2.6 Cell Attachment and Cell Proliferation 
Osteoblast cell attachment on substrates was evaluated by counting the number of 
attached cells. The substrates were placed into a 24-well plate and seeded with a 
density of 50,000 cells/cm2. After 4 h of incubation in growth medium, the substrates 
were rinsed with PBS to remove unattached cells. Adherent cells were then detached 
from the substrates by trypsin and measured via a hemacytometer.  
 
The proliferation of osteoblast cells on substrates was examined by counting the 
number of cells after 1, 4, and 7 days of culture. The substrates were placed into a 
24-well plate and seeded with a density of 5000 cells/cm2. At each predetermined time, 
the substrates were rinsed with PBS to remove unattached cells. Adherent cells were 




5.2.7 Alkaline Phosphatase (ALP) Activity Assay 
Cells were seeded onto substrates at a density of 50,000 cells/cm2 in a growth medium 
supplemented with 50 μg/ml ascorbic acid and 10 mM sodium β-glycerophosphate. At 
specified time intervals, the cell layers were washed with PBS and scraped off from the 
surfaces. Cell lysis buffer was added, and after sonication and centrifugation, aliquots 
of cell lysis solution were collected for the analysis of the ALP activity and the total 
protein level. ALP activity was determined with respect to the release of p-nitrophenol 
from PNPP. The PNPP substrate was added to cell lysate, incubated at 37 °C in the 
dark for 30 min, after which the reaction was stopped by adding NaOH (1 N). To 
quantify the amount of p-nitrophenol produced, the absorbance at 405nm was 
measured with a microplate reader (calibrated with known concentrations of 
p-nitrophenol). The concentration of total protein was determined using the Bio-Rad 
protein assay with bovine serum albumin as a standard. ALP activity was determined 
as the rate of p-nitrophenol liberation from PNPP, normalized with respect to the total 
protein content obtained from the same cell lysate and expressed as μmol of 
p-nitrophenol formation per minute per milligram of total proteins. 
 
5.2.8 Statistical Analysis 
In each cell and bacterial experimental run, three samples per time point for each 
experimental condition were used. The results were expressed as mean values ± 
standard deviation and were assessed statistically using one-way analysis of variance 
(ANOVA) post-hoc Tukey test. The difference observed between samples were 




5.3 Results and Discussion 
5.3.1 Coating of Dopamine and Polydopamine on Titanium Substrate 
The chemical composition of the titanium surface at different stages of surface 
modification was determined by XPS. Figures 5-3(a), 5-3(b) and 5-3(c) show the wide 
scan spectra of the titanium (Ti), the dopamine-coated (Ti-dop) and the 
polydopamine-coated (Ti-polydop) surfaces, respectively The wide scan spectrum of 
the pristine titanium surface is dominated by signals traceable to titanium (Ti 2p) and 
oxygen (O 1s) 30, attributable to the oxide film which is formed spontaneously on the 
titanium surface upon exposure to air (Sittig et al., 1999). Due to hydrocarbon 
contamination of the sample surface exposed to the ambient atmosphere prior to XPS 
measurements (Lausmaa, 1996), a weak carbon signal (C 1s with binding energy about 
285 eV30) is also discernible.  
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Figure 5-3 XPS wide scan spectra of (a) pristine Ti, (b) Ti-dop (c) Ti-polydop, (d) 
Ti-dop-hep0.7 and Ti-polydop-hep0.7 surfaces. 
 
 
The successful anchoring of dopamine on the Ti-dop substrate was suggested by the 
appearance of the N 1s peak, and an increase in the C 1s peak intensity (Figure 5-3(b)). 
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For Ti-polydop (Figure 5-3(c)), the increase in the C 1s and N 1s signals are further 
accentuated. Moreover, the disappearance of the Ti 2p signal indicates that the 
thickness of the polydop layer is much more than that of the Ti-dop and is also greater 
than the probing depth of the XPS technique (about 7.5 nm in an organic matrix38). 
 
5.3.2 Immobilization of Heparin on Titanium Substrate 
The –NH2 groups of the immobilized dopamine were used to react with the –COOH 
groups of heparin in the presence of NHS and EDAC. The polydopamine layer 
(Method 2) has a higher surface density of pendant –NH2 groups than the dopamine 
layer (Method 1) for coupling with the –COOH groups of heparin. Hence, the extent of 
heparin immobilization on the Ti surface is expected to be enhanced on Ti-polydop. 
 
The presence of the S signal (S 2p and S 2s) and an increase in intensity of the N 
signal in the wide scan spectrum of the Ti-dop-hep and Ti-polydop-hep surface in 
Figures 5-3(d) and 5-3(e) indicate that heparin has been successfully immobilized on 
the substrates. Moreover, the presence of a coupled heparin layer on the Ti surface is 
further supported by the decrease in intensity of Ti signal on the Ti-dop-hep surface in 
Figure 5-3(d). 
 
For the concentrations of heparin tested in the range of 1-15 mg/mL, the maximum 
binding capacity of Ti-dop and Ti-polydop was determined to be saturated at 0.7 and 
4.2 μg/cm2, via the toluidine blue method. Ti-dop-hep with immobilized heparin of 0.7 
μg/cm2, and Ti-polydop-hep with immobilized heparin of 4.2 μg/cm2 are denoted as 
Ti-dop-hep0.7 and Ti-polydop-hep4.2, respectively. The Ti-polydop-hep with 
immobilized heparin of 0.7 μg/cm2, denoted as Ti-polydop-hep0.7, is also prepared for 
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comparison of effects of the polydop and dopamine underlayer. 
 
5.3.3 Antibacterial Properties 
The bacterial adhesion properties of pristine and functionalized Ti substrates were 
examined via fluorescence microscopy imaging. The distribution of viable and dead 
bacteria on the surface of the substrates, after immersion in a S. aureus and S. 
epidermidis suspension of 107 cells/mL for 5 h at 37 oC, was observed via staining with 
a combination dye (shown in Figure 5-4 and 5-5, respectively). The images reveal that 
there is a clear distinction between the number of S. aureus or S. epidermidis cells on 
the pristine Ti and that on the functionalized substrates. Substantially more viable 
bacteria (stained green) were attached on the pristine Ti surface (Figures 5-4(a) and 
5-5(a)) in comparison with the heparin immobilized surface (Figures 5-4(g), 5-4(i), 
5-4(k) and 5-5(g), 5-5(i), 5-5(k), respectively). The difference between the number of 
viable cells on the pristine Ti surface and that of the Ti-dop surface is not obvious 
(compare Figures 5-4(a) and 5-4(c), Figures 5-5(a) and 5-5(c)). However, much fewer 
viable cells were attached on Ti-polydop surface than those on pristine Ti surface as 
shown in Figure 5-4(e) and Figure 5-5(e). It should be noted that, the the number of 
total cells (dead cells and viable cells) attached on the heparin-modified surfaces is 
much fewer than those on the pristin Ti and Ti-dop surfaces. The number of dead cells 
on each of the surfaces tested is very limited, which could indicate all the surfaces do 
not possess significant bacterialcidal property. It is proposed that the significant 
decrease in total adherent cells is attributable to the anti-adhesive properties of the 
immobilized heparin which renders the surface hydrophilic rather than bacterialcidal. 















Figure 5-4 Fluorescence microscopy images of (a) and (b) the pristine Ti, (c) and (d) 
Ti-dop, (e) and (f) Ti-polydop, (g) and (h) Ti-dop-hep0.7, (i) and (j) Ti-polydop-hep0.7, 
(k) and (l) Ti-polydop-hep4.2 surfaces under green filter (a, c, e, g, j, k) and red filter (b, 
d, f, h, j, l), after immersion in a suspension of S. aureus (107 cells/ml) for 5 h. 
 
Ti-polydop-hep0.7 
















Figure 5-5 Fluorescence microscopy images of (a) and (b) the pristine Ti, (c) and (d) 
Ti-dop, (e) and (f) Ti-polydop, (g) and (h) Ti-dop-hep0.7, (i) and (j) Ti-polydop-hep0.7, 
(k) and (l) Ti-polydop-hep4.2 surfaces under the green filter (a, c, e, g, j, k) and the red 
filter (b, d, f, h, j, l), after immersion in a suspension of S. epidermidis (107 cells/ml) for 
5 h. 
 
Since the fluorescence microscopy images can only provide qualitative information 
about the bacterial distribution on the functionalized surfaces, the viable bacterial cells 
on different substrates were also counted after detachment from the surfaces. The 
quantitatively determined densities of S. aureus on the different substrates after 5 h of 
cultivation (Figure 5-6) showed good agreement with the observed fluorescence 
intensity (Figure 5-4). The results show that the number of viable S. aureus cells on the 
Ti-dop-hep0.7, Ti-polydop-hep0.7 and Ti-polydop-hep4.2 substrates have decreased by 
about fourfold from those on the pristine Ti. The decrease in number of S. epidermidis 
cells on the Ti-dop-hep0.7, Ti-polydop-hep0.7 and Ti-polydop-hep4.2 substrates is also 







adhesion, the immobilization of heparin further reduce bacterial adhesion. Moreover, 
there is no significant difference among the substrates of different heparin contents. 
The anti-adhesive property of dopamine or polydopamine towards bacteria has not 
been reported, but polydopamine has been reported to reduce mammalian cells 
adhesion (see the discussion in the Osteoblast Cell Attachment section). The decrease 
in bacterial cells on the Ti-dop-hep and Ti-polydop-hep surfaces can be attributed to 


























































Figure 5-6 Number of adherent S. aureus and S. epidermidis cells per cm2 on surfaces of 
pristine and functionalized Ti substrates. “*” denotes statistical difference (p < 0.05) 





To overcome the limitations of antibiotics therapies, two approaches have been 
developed: antimicrobial materials and anti-adhesive materials (Spencer, 1999). The 
first approach involves materials containing bactericidal substances that are 
incorporated into or bound to the biomaterial surfaces (Jose et al., 2005; Chen et al., 
2006; Oyane et al., 2006; Shi et al., 2007; Chua et al., 2008). The other approach is the 
modification of substrate materials with the anti-adhesive molecules to prevent the 
adhesion of bacteria, thus, inhibiting biofilm formation and infection (Kingshott et al., 






















































Figure 5-7 Number of S. aureus and S. epidermidis viable cells in suspension after 
contacting with pristine and functionalized Ti substrates for 5 h. The number of cells was 
expressed relative to that after contacting with the pristine Ti. No significant statistical 
difference among the surfaces was observed. 
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To determine whether the significant decrease in bacteria found on Ti-dop-hep and 
Ti-polydop-hep surfaces resulted from the bactericidal or anti-adhesive effect of the 
surfaces, the number of viable bacteria in suspension after contacting with the surfaces 
was counted. The shaking method has been used in several groups (Cen et al., 2004; 
Murata et al., 2007; Roy et al., 2007) to investigate the killing efficacy of surfaces 
towards bacteria. Because the substrates were shaken in the bacteria, and given 
sufficient time to contact with bacteria in the suspension, surfaces which are 
possessing bactericidal properties can kill the bacteria in suspension up to 99%. After 5 
hours of shaking and incubation, the number of viable bacteria was determined by the 
spread plate method, and expressed relative to that obtained with the pristine Ti surface 
(see Figure 5-7). It can be seen from Figure 5-7, that statistically, there is no significant 
difference in the number of both S. aureus and S. epidermidis cells among the different 
surfaces tested (p > 0.05). Therefore, the reduction in bacteria count on the Ti-dop-hep 
and Ti-polydop-hep surfaces shown in Figure 5-6 is due to the anti-adhesive properties 
of the surfaces, rather than bactericidal properties.  
 
In the present study, the heparin behaves as an anti-adhesive polymer, and plays an 
important part in reduction of bacterial adhesion on the Ti-dop-hep and 
Ti-polydop-hep surfaces. Arciola et al.(Arciola et al., 1993) investigated the bacterial 
adherence on the heparin-modified poly(methylmethacrylate) (PMMA) and on the 
unmodified control material (PMMA), and found that surface treated with heparin 
reduced S. auresus adhesion. They discovered the qualitative differences of bacterial 
fatty acids of S. aureus after adhesion on heparin modified PMMA via gas 
chromatography, and suggested that the cell walls of S. aureus has been changed upon 
contact with the heparin-treated surface. It was later observed that fewer S. epidermidis 
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attached to heparin modified intraocular lenses (Abu El-Asrar et al., 1997). The 
mechanism of inhibiting bacterial attachment on the heparin-modified surface is not 
yet fully understood, but is believed to be related to the anti-adhesive activity of 
heparin, and to its ability to render biomaterial surfaces hydrophilic, hence repellent to 
bacteria (Abu El-Asrar et al., 1997). In fact, both the Ti-dop-hep and Ti-polydop-hep 
have contact angle below 10°, which is much lower than that of the pristine Ti (47°). 
Moreover, it has been reported that bacteria adhesion is mainly through fibronectin 
adhesin on the bacterial surface. This specific binding between fibronectin and bacteria 
adhesion can be specifically inhibited by heparin, which binds to specific domains of 
fibronectin molecules (Francois et al., 1999; Arciola et al., 2003).  
 
It should be mentioned that the difference between the numbers of bacteria on 
Ti-polydop and on Ti-polydop-hep is not statistically significant (In Figure 5-6, p = 
0.196, 0.0967 for Ti-polydop/ Ti-polydop-hep0.7, and  p = 0.153, 0.055 for 
Ti-polydop/Ti-polydop-hep4.2, for S. aureus and S. epidermidis, respectively), 
although the contact angle of the Ti-polydop surface (33°) is higher than those of 
Ti-polydop-hep0.7 and Ti-polydop-hep4.2 (< 10°). The results thus suggest that while 
the inhibiting effect of the less dense layer of dopamine (Ti-dop) can be further 
improved by immobilizing of heparin, the polydopamine layer has similar inhibiting 
effect towards bacteria as the immobilized heparin. However, the anti-adhesive 
property of polydopamine coating is also applicable to mammalian cells (see below). 
 
5.3.4 Osteoblast Cell Attachment and Growth 
Fine titanium substrates are mainly used for hard tissue restoration or replacement, 
attachment of osteoblasts to the Ti surface is essential for successful osseointegration 
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of the implant in vivo. Osteoblast cells were cultured on the pristine Ti, and the 
modified titanium surfaces, and quantification of cell attachment after 4 h of culture is 
shown in Figure 5-8. The number of cells per cm2 is expressed as a percentage of the 
number obtained in the control experiment using polystyrene cell culture surfaces. The 
results revealed that while the numbers of cells on the Ti-polydop and Ti-polydop-hep 
substrates were not significantly lower than that on the pristine Ti, the number of cells 
on the Ti-dop and Ti-dop-hep0.7 was significantly higher than that on the pristine Ti. 
The proliferation properties of osteoblast on the pristine and heparin-immobilized Ti 
surfaces, after 1, 4, and 7 days of culture were compared, as shown in Figure 5-9. For 
Ti-dop-hep0.7 surface, enhanced osteoblast proliferation was observed throughout the 
test period, and by the 7th day, 50% increase in cell number was observed on the 
Ti-dop-hep0.7 surface over that on the pristine Ti surface. In contrast, the number of 
cells on the Ti-polydop-hep4.2 surface was statistically less than that on Ti surface on 
















































Figure 5-8 Comparison of osteoblast attachment on surfaces of pristine and 
functionalized Ti substrates seeded with 50,000 cells/cm2. The number of cells per cm2 
was normalized by the number obtained on polystyrene cell culture surface. “*” denotes 




































































Figure 5-9 Comparison of osteoblast proliferation with 5,000 cells/cm2 seeded on 
surfaces of pristine and functionalized Ti substrates after 1, 4 and 7 days. The number of 
cells per cm2 was normalized by the number obtained on polystyrene cell culture surface. 
“*” denotes statistical difference (p < 0.05) between the samples and the control 
experiment (pristine Ti).  
 
 
Since the water contact angle of the Ti-dop surface was measured to be 32°, which is 
still lower than that of the pristine Ti surface (47°), the positive effect of immobilized 
dopamine on osteoblast adhesion and proliferation is attributable more to its bioactive 
components than its hydrophobicity. Dopamine as a bioactive amine may be involved 
in the regulation of bone homeostasis. In fact, dopamine transporter-deficient mice 
display a low bone mass phenotype (Elefteriou, 2008). The research on the effect of 
dopamine or polydopamine on cell adhesion is very limited. One group reported the 















M07e cells (Lee et al., 2007), although the mechanism of anti-adhesion was not 
discussed. The authors found that polydopamine surface was still a biocompatible 
surface since it supported M07e cell expansion. The anti-adhesive property of 
polydopamine is probably attributable to a combination of its surface chemistry change 
due to polymerization (Lee et al., 2007), mobility and steric stabilization effects of the 
surface-immobilized macromolecule in aqueous solution (Taunton et al., 1988; 
Hammer and Tirrell, 1996), which adversely affect the specific affinity and stimulating 
effect of dopamine.  
 
On the other hand, reports on the effects of heparin on the proliferation of osteoblasts 
are conflicting, and both promoting and inhibiting effects have been claimed recently 
(Hausser and Brenner, 2004; Benoit and Anseth, 2005; Yang et al., 2005). The 
contradictory results mostly relate to different experimental conditions, such as 
incubation times employed and heparin concentrations employed. From the results 
presented in this chapter, heparin modified surfaces show no significant difference than 
the dopamine-modified surfaces (Ti-dop-hep0.7 compared with Ti-dop, and 
Ti-polydop-hep0.7 and 4.2 compared with Ti-polydop). Nevertheless, heparin has a 
positive effect on osteoblast differentiation (see below). 
 
As proliferation of osteoblasts is critical for formation of hard tissue, the above results 
suggest that the Ti-dop-hep0.7 and Ti-dop surfaces should be helpful to improving 
osteoblasts growth and tissue formation. 
 
5.3.5 Cell Differentiation 
ALP is widely used as an assay for osteoblastic activity, especially osteoblastic 
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differentiation (Satsangi et al., 2004; Saldana et al., 2006). ALP activity was measured 
after 14 days of cell culture on the different substrates, and the results are shown in 
Figure 5-10. From this figure, it can be seen that osteoblasts show a significantly 
higher ALP activity on Ti-dop-hep0.7 than that on pristine Ti, and other surfaces have 
no significant increase in ALP activity over that of the pristine Ti surface. Since the 
APL activity is normalized by the total intracellular proteins synthesized, the 
difference in cell numbers among the samples has been taken into account. Hence, 
these results suggest that heparin immobilized on the Ti-dop-hep0.7 surface can 
improve ALP activity of osteoblasts. A similar effect has been reported (Benoit et al., 
2007). In the report, heparin-functionalized hydrogel has been found to support human 
mesenchymal stem cells (hMSC) growth, and induce osteogenic differentiation. It is 
proposed that heparin, by itself, could initiate signal transduction pathways involved 
with cell differentiation, likely through cell-material interactions established by the 


















































Figure 5-10 ALP activity of osteoblasts seeded at a density of 50,000 cells/cm2 on 
pristine and functionalized Ti substrates after 14 days. “*” denotes statistical difference 
(p < 0.05) between the samples and the control experiment (pristine Ti). 
 
 
It should be noted that, on one hand, the dopamine brushes act as a linker for the 
immobilization of heparin, and on the other hand, the dopamine layer can effectively 
enhance osteoblast attachment and growth, probably via specific biological 
interactions. Although the polymeric form of dopamine can enhance the extent of 
heparin immobilization, the results suggest that the polymeric form fails to preserve 
the specific interactions of the dopamine and can exhibit repulsive force to cells due to 
chemical changes induced in the polymerization process. It is also interesting that 
immobilized heparin on the Ti-dop-hep0.7 substrates interact differently with 
osteoblast cells and bacteria, i.e. no significant adverse effect on osteoblast cells but 
significantly inhibit bacterial adhesion, a property which is considered to be 
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advantageous for surfaces of implant materials. 
 
5.4 Conclusions 
Titanium substrate surfaces were modified via a simple biochemical route: dopamine 
or polydopamine coating on the titanium surface and subsequent immobilization of 
heparin on the dopamine or polydopamine layer. A significant extent of inhibition of S. 
aureus and S. epidermidis adhesion on the Ti-dop-hep and Ti-polydop-hep surfaces 
was achieved. On the other hand, enhanced proliferation and growth of osteoblast were 
achieved simultaneously on the Ti-dop-hep surfaces. The results showed that the 
desirable properties of both the dopamine layer and the immobilized heparin protein 
could be achieved on the Ti surfaces synergically, that is, dopamine improves 
osteoblast attachment and proliferation while the heparin inhibits bacterial adhesion 
but enhances the ALP activity of osteoblast. The heparin-functionalized surfaces, 
which possess the two important functions simultaneously, are thus potentially useful 
for titanium-based biomedical devices. 
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CHAPTER 6  
SILK-FUNCTIONALIZED TITANIUM SURFACES 
FOR ENHANCING OSTEOBLAST FUNCTIONS AND 







In recent years, titanium has been used extensively for knee and hip fracture fixation, 
replacements and other surgical implants, to replace or restore the function of fractured 
bone and damaged joints (Davies, 2000). However, as highlighted earlier, slow or 
partial osseointegration (Rohanizadeh et al., 2005) and antibiotic-resistant surgical 
infections (Campoccia et al., 2006) are the two problems encountered with Ti implants, 
which will increase the risk of implant loosening or even failure. Efforts have been 
devoted to resolve these two crucial problems in Chapter 4 and Chapter 5.  
 
In Chapter 4, ATRP technique was employed to impart antibacterial effects and 
improved mammalian cell adhesion and proliferation on Ti surfaces separately, viz., 
antibiotics-modified and quaternary ammonium-containing Ti surfaces possess the 
antibacterial properties, and collagen-modified Ti surfaces can promote mammalian 
cell growth. In Chapter 5, heparinized Ti surfaces were shown to have very good 
anti-adhesive property towards bacteria. It is encouraging that the heparinized Ti 
surface can simultaneous enhance mammalian cell adhesion, proliferation, and alkaline 
phosphatase (ALP) activity. However, it is possible to further improve mammalian cell 
functions on Ti surfaces modified with other novel bioactive materials. 
 
Silks are fibrous proteins with remarkable mechanical properties produced in fiber 
form by silkworms and spiders (Vepari and Kaplan, 2007). Recently regenerated silk 
solutions have been used to form a variety of biomaterials, such as gels, sponges and 
films, for medical applications (Vepari and Kaplan, 2007). Silk contains two natural 
Chapter 6 
 149
proteins, sericin and fibroin proteins. Sericin comprises granular and high molecular, 
water soluble glycoproteins and it acts as a protein glue to fix fibroin fibers together in 
the cocoon (Padamwar and Pawar, 2004). The less water soluble component of silk, i.e. 
fibroin has been widely used in biomedical application, especially as scaffold (Ma et 
al., 2006; Wang et al., 2006; Yang et al., 2007), but research on the use of the more 
water soluble sericin for biomedical applications is limited (Zhang, 2002). In this study, 
sericin is selected as the bioactive material of interest for surface modification because 
of its ease of processing compared to fibroin, as well as its relatively high solubility in 
water. 
 
The present work shows that it is possible to impart antibacterial adhesion and 
enhanced osteoblast functions, concomitantly on the same sericin- modified Ti surface. 
Moreover, the performance of sericin-modified Ti surface was found to be better than 
the heparin-modified Ti surface. After immobilization of the ATRP initiator, chains of 
poly(methacrylic acid) (P(MAA)) were tethered on the Ti substrate via 
surface-initiated ATRP of methacrylic acid sodium salt (MAAS). Silk sericin was then 
covalently immobilized on the Ti surfaces via reaction with the pendant carboxyl 
groups on P(MAA). The S. aureus and S. epidermidis adhesion behavior of the 
silk-immobilized Ti surfaces was compared to that on the pristine Ti surface. 
Osteoblast adhesion, proliferation, and ALP activity on the silk-coupled Ti surfaces 
were also investigated. 
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6.2 Materials and Methods 
 
6.2.1 Materials  
Sodium methacrylate (methacrylic acid sodium salt, MAAS, 99%) was obtained from 
Sigma-Aldrich. The cocoon shells of the silkworm, Bombyx mori (B. mori) were a gift 
from School of Life Science, Suzhou University (Suzhou, Jiangsu Province, China). 
The silk sericin was obtained by degumming the cocoon shells with an aqueous 
solution of 0.3% Na2CO3 (w/v) at 98 oC for 1 h. The sericin solution was then dialyzed 
in cellulose membranes (MW = 3500 g/mol) against deionized water for 3 days by 
changing the water daily to remove the ions and other impurities. The sericin powder 
was collected via rotary evaporation and drying under vacuum at room temperature. 
Details of other materials have been described in previous chapters. 
 
6.2.2 Surface Functionalization of Titanium with P(MAA) 
Details of the immobilization of the atom transfer radical polymerization (ATRP) 
initiator (chlorosilane in this study) on the Ti surface (the resulting surface is denoted 
as Ti-Cl) and the surface-initiated ATRP of various monomers from the Ti surface 
have been described previously in Chapter 3. The surface-initiated ATRP of MAAS 
from the Ti-Cl surface was carried out in a similar way. Two grams of MAAS and 4 
mL of doubly distilled water were added to a Pyrex tube. The PMDETA ligand, CuCl 
and CuCl2 were added accordingly in the ratio of [MAAS]: [CuCl]: [CuCl2]: 
[PMDETA] =50:1:0.1:1.1. The mixture was stirred and degassed with argon for 20 
min. The Ti-Cl substrate (1×3 cm2 piece) was then introduced into the reaction 
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mixture. The reaction tube was sealed and kept in a 30 °C water bath for a 
predetermined period of time. After the reaction, the Ti substrate with surface-grafted 
and partially protonated MAA polymer (denoted as Ti-g-P(MAA) in the subsequent 
discussion) was removed from the solution and washed thoroughly with an excess 
amount of doubly distilled water. The processes of surface modification via ATRP and 




























































Figure 6-1 Schematic diagram illustrating the processes of silanization of the Ti-OH 
surface to prepare the Ti-Cl surface, surface-initiated ATRP of MAAS chains from the 





6.2.3 Functionalization of Ti-g-P(MAA) Surface with Silk Sericin  
Silk sericin was immobilized on the Ti-g-P(MAA) surface via the carbodiimide 
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chemistry (Sehgal and Vijay, 1994). The -COOH groups of the Ti-g-P(MAA) surface 
were pre-activated for 1 h at room temperature in phosphate buffered saline (PBS) 
solution, containing 1 mg/mL of NHS and 10 mg/mL of EDAC. The substrates were 
then transferred to PBS solution containing 5 mg/mL of silk sericin. The reaction was 
allowed to proceed for 24 h at 4 oC to give the Ti-g-P(MAA-Silk) surface. After the 
reaction, the reversibly bound silk sericin was desorbed in copious amounts of PBS for 
24 h at 4 oC. 
 
6.2.4 Surface Characterization 
Determination of chemical composition and static water contact angles of the modified 
titanium surfaces was similar to those described in Section 3.2.1. 
 
6.2.5 Cell Culture 
Mouse osteoblast cell line MC3T3-E1 cells were cultured as described in Section 
5.2.5. 
 
6.2.6 Cell Attachment and Cell Proliferation 
Osteoblast cell attachment and proliferation on substrates were evaluated by counting 
the number of attached cells, as described in Section 5.2.6.  
 
6.2.7 Alkaline Phosphatase (ALP) Activity Assay 





6.2.8 Calcium Deposition  
To investigate whether the functionalization of Ti affects the precipitation of calcium 
from the growth medium, the substrates were incubated in growth medium 
supplemented with 50 μg/ml ascorbic acid and 10 mM sodium β-glycerophosphate. 
The amount of calcium deposited was measured after 3 weeks. Briefly, to dissolve the 
calcium mineral deposited, the substrates after washing twice with PBS were soaked in 
1 ml of 0.5 M acetic acid overnight. The solutions were then centrifuged and the 
supernatants were collected and tested for calcium content by the ortho-cresolphthalein 
complexone (OCPC) method as reported previously (van den Dolder et al., 2003). A 
working solution was first prepared, which comprised (a) OCPC solution (160 mg 
OCPC in 150 ml water + 1 ml 1 M KOH + 1 ml 0.5 M acetic acid), (b) 14.8 M 
ethanolamine/boric acid buffer (pH=11), (c) 8-hydroxyquinoline (1 g in 20ml 95 % 
ethanol), and (d) water, in a ratio of 5:5:2:88 (a/b/c/d). This working solution (300 μl) 
was added to 10 μl of each sample in a 96-well plate and incubated at room 
temperature for 10 min. The optical density was then read at 575 nm. The calcium 
concentrations of the samples were determined with a standard curve obtained from 
known concentrations of CaCl2 solution.  
 
6.2.9 Antibacterial Assay 
The antibacterial assay comprised two experiments to investigate whether the 




(a) Effect on Bacterial Adhesion  
Bacterial adhesion characteristics of the functionalized titanium surfaces were assessed 
as described in Section 5.2.4. 
 
(b) Bactericidal Properties 
Determination of bactericidal properties of the functionalized Ti surface were similar 
to those described in Section 5.2.4. 
 
6.2.10 Statistical Analysis 





6.3 Results and Discussion 
6.3.1 Surface Modification and Characterization 
The chemical composition of the titanium surface at various stages of surface 
modification was determined by X-ray photoelectron spectroscopy (XPS). Figure 6-2 
shows the wide scan and the corresponding C 1s core-level spectra of the pristine 
(hydroxide-covered) titanium (Ti-OH), the trichloro(4-(chloromethyl)-phenyl) 
silane-coupled titanium (Ti-Cl), the poly(methacrylic acid) (P(MAA))-grafted titanium 
(Ti-g-P(MAA)) and silk-coupled titanium (Ti-g-P(MAA-Silk)) surfaces. 
 
The wide-scan spectrum of the pristine titanium surface (Figure 6-2(a)) is dominated 
by signals of titanium (Ti 2p at binding energy (BE) of about 460 eV (Moulder and 
Chastain, 1992)) and oxygen (O 1s at BE of about 532 eV), attributable to the oxide 
film present on titanium surfaces exposed to air (Sittig et al., 1999). A weak carbon 
signal (C 1s at about 285 eV) is also discernible, probably due to hydrocarbon 
contamination of the sample surface exposed to the ambient atmosphere prior to XPS 





Figure 6-2 XPS wide scan and C 1s core-level spectra of (a, b) the pristine or Ti-OH 
surface, (c, d) the Ti-Cl surface, (e, f) the Ti-g-P(MAA) surface after 3 h of 
surface-initiated ATRP of MAAS and (g, h) the corresponding Ti-g-P(MAA-Silk) 
surface. 
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For the preparation of polymer chains on the Ti surface, a uniform layer of initiator 
was immobilized on the titanium surface via the triethylamine (TEA)-catalyzed 
chlorosilanization. The appearance of the Si 2p (at about 100 eV) and Cl 2p (at about 
200 eV) signals, the decrease in the Ti signal intensity, and the increase in the C signal 
intensity in the wide scan (Figure 6-2(c)), and the nature of the C 1s core-level spectra 
(Figure 6-2(d)) of the Ti-Cl surface are consistent with the presence of a coupled 
chlorosilane layer on the Ti surface. Thus, the benzyl chloride groups have been 
successfully immobilized on the Ti surface for the subsequent ATRP from the Ti-Cl 
surface. 
 
6.3.2 Surface-Initiated ATRP from the Ti-Cl Surface 
Since the carboxylic acid functional groups may poison the Cu ATRP catalyst, 
controlled polymerization of (meth)acrylic acid directly by the ATRP technique is a 
challenging problem (Coessens et al., 2001; Matyjaszewski and Xia, 2001). 
Poly(acrylic acid) (P(AA)) is usually prepared by polymerization of protected 
monomers such as poly(tert-butyl acrylate), and followed by hydrolysis (Fu et al., 
2005; Treat et al., 2006). Ashford et al. reported that the pH value is critical for 
successful ATRP of MAAS, and found that aqueous ATRP of MAAS resulted in 
controlled molecular weights and narrow molecular weight distributions (Ashford et 
al., 1999). Osborne and coworkers have also prepared triblock copolymer brushes 
containing a P(MAA) block by aqueous ATRP of MAAS (Osborne et al., 2002). On 
the other hand, the phenyl-based chlorosilane had also been found to be efficient 
initiators for the surface-initiated ATRP of methacrylates (Xu et al., 2005; Xu et al., 
2005). Thus, in this work, MAAS polymer was immobilized on Ti substrates via 




In order to control the surface-initiated ATRP of MAAS from the Ti-Cl surface, it is 
important for the equilibrium between the dormant and the active chains to establish 
quickly at the initial stage of ATRP. The method of addition of deactivating Cu(II) 
complex (CuCl2) (Xu et al., 2005; Dong et al., 2007) was adopted for this purpose. The 
molar ratio of [MAAS]:[CuCl (catalyst)]:[CuCl2 (deactivator)]:[PMDETA ligand] was 
controlled at 50:1:0.1:1.1.  
 
Figure 6-2(e) shows the wide-scan spectrum of the Ti-g-P(MAA) surface from 3 h of 
ATRP. The Ti surface was fully covered by the polymer chains to a thickness greater 
than the sampling depth of the XPS technique (about 7.5 nm in an organic matrix (Yu 
et al., 2003)), since the Ti 2p peak component at BE of about 460 eV was no longer 
discernible in the wide-scan spectrum. There is no photoelectron line of copper at ca. 
993 and 953 eV, indicating that the copper catalyst used in the ATRP process is not 
retained on the substrates. The C 1s core-level spectrum of the Ti-g-P(MAA) surface in 
Figure 6-2(f) can be curve-fitted into three peak components with BEs at 284.6, 286.2, 
and 288.5 eV, attributable to the C-H, C-O (and C-Cl at the chain ends), and O=C-O 
species, respectively. The appearance of the O=C-O species shows the successful 
surface-initiated ATRP of MAAS on Ti. 
 
It is noteworthy that the wide-scan spectrum of Ti-g-P(MAA) surface revealed only a 
weak signal of Na 1s signal at BE of about 1072 eV, suggesting that the carboxylate 
anions were mostly protonated. This is in agreement with a previous report that rinsing 
the P(AA) brush-grafted surface with water can protonate the anion and remove the 
Na+ ions from the polymer brushes (Dong et al., 2007). In comparison with 
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carboxyl-terminated SAMs, the P(MAA) brushes immobilized on titanium provide a 
high surface density of -COOH groups for protein immobilization, and are expected to 
be more robust and self-healing toward defects on the surface. 
 
6.3.3 Immobilization of Silk Sericin on the Ti-g-P(MAA) Surfaces 
For the immobilization of silk sericin on the Ti-g-P(MAA) surface, the -COOH groups 
of P(MAA) brushes were first activated by N-hydroxysuccinimide (NHS) and 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) prior to the 
reaction with the –NH2 groups of the silk sericin (resultant surface is denoted as the 
Ti-g-P(MAA-Silk), see Figure 6-1). The C 1s core-level spectrum of the 
Ti-g-P(MAA-Silk) surface can be curve-fitted into five peak components with BEs at 
284.6, 285.6, 286.2, 287.6 and 288.5 eV, attributable to the C-H, C-N, C-O/C-Cl, 
O=C-N and O=C-O species, respectively (Figure 6-2(h)). In comparison with the C 1s 
core-level spectrum of the starting Ti-g-P(MAA) surface (Figure 6-2(f)), the decrease 
in O=C-O peak component and the appearance of O=C-N peak component confirm the 
reaction of the carboxyl groups of P(MAA) with the amine groups of silk sericin. The 
O=C-N peak component is associated with the linkage formed between the –COOH 
group of the P(MAA) and –NH2 of the silk sericin molecules, as well as the peptide 
linkage in the sericin protein itself. The covalent immobilization of silk sericin is 
further supported by the appearance of the N 1s signal in the wide-scan spectrum 
(Figure 6-2(g)) of the Ti-g-P(MAA-Silk) surface. 
 
6.3.4 Osteoblast Cell Attachment and Growth 
Titanium substrates are mainly used for hard tissue replacements, and attachment of 
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osteoblasts to the Ti surface is essential for successful osseointegration of the implant 
in vivo. To investigate the effect of immobilized silk sericin on titanium surface, 
osteoblast cells were cultured on the pristine Ti, Ti-g-P(MAA) and the 
Ti-g-P(MAA-Silk) surfaces, and quantification of cell attachment after 4 h culture was 
carried out, and shown in Figure 6-3. The number of cells per cm2 was measured and 
expressed as relative cell numbers with respect to the control experiment using 
polystyrene cell culture surface. The results revealed that while the number of cells on 
the Ti-g-P(MAA) substrates was significantly lower than that on the pristine Ti, the 
number of cells on the Ti-g-P(MAA-Silk) substrates was significantly higher than that 
on the pristine Ti. The proliferation properties of osteoblast on the pristine and silk 
sericin-immobilized Ti surfaces, after 1, 4, and 7 days culture were compared, as 
shown in Figure 6-4. For Ti-g-P(MAA-Silk), enhanced osteoblast proliferation was 
observed throughout the test period, and by the 7th day, 50% increase in cells was 
observed on the Ti-g-P(MAA-Silk) surface over that on Ti surface. In contrast, the 
number of cells on the Ti-g-P(MAA) surface was less than that on Ti surface. The 
mean of the relative cell concentration on the Ti-g-P(MAA-Silk) surface decreased 
with time, indicating that the positive effect of the Ti-g-P(MAA-Silk) surface over the 
control surface decreases with time, which probably is a result of cell saturation on the 
constrained two dimensional surfaces. Nevertheless, the absolute cell concentration on 












Figure 6-3 Comparison of osteoblast attachment on surfaces of pristine and 
functionalized Ti substrates seeded with 50,000 cells/cm2. The number of cells per cm2 
was measured and expressed as relative cell numbers with respect to that on polystyrene 
cell culture surface. “*” denotes statistical difference (p < 0.05) between the samples and 



































































Figure 6-4 Comparison of osteoblast proliferation with 5,000 cells/cm2 seeded on 
surfaces of pristine and functionalized Ti substrates after 1, 4 and 7 days. The number of 
cells per cm2 was measured and expressed as relative cell numbers with respect to that 
on polystyrene cell culture surface. “*” denotes statistical difference (p < 0.05) between 
the samples and the control experiment (pristine Ti). 
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As shown from the XPS results, the Ti-g-P(MAA) surface is well-covered with 
covalently immobilized P(MAA). The contact angle of the Ti-g-P(MAA) surface was 
measured to be 8°, which is significantly lower than that of the pristine Ti surface (53°). 
The inhibitive effects of P(MAA) surface on mammalian cells has not received much 
attention. While the hydrophilicity of the Ti-g-P(MAA) surface contributes to the 
inhibition of cell adhesion, this may not be the only factor. One study (Brodbeck et al., 
2002) found that implanted surfaces grafted with anionically charged P(AA) (with a 
water contact angle of 26°) decreased monocyte and macrophage adhesion and fusion 
in vivo (relative to the unmodified poly(benzyl 
N,N-diethyldithio-carbamate-co-styrene) surface, which has a water contact angle of 
83°), therefore reducing the interfacial foreign body response. Rubner et al. (Yang et 
al., 2003) studied surface-cell interactions on hydrogen-bonded multilayers comprised 
polyacrylamide (P(AAm)) and a weak polyelectrolyte, such as P(MAA) or P(AA). 
Both P(MAA)/P(AAm) and P(AA)/P(AAm) multilayers exhibited no cytotoxicity, but 
a high adhesion resistance towards mammalian fibroblasts. Another group (El Khadali 
et al., 2002; Yammine et al., 2005) has reported the synergic inhibitive effect of 
carboxylate and sulfonate groups on mammalian cells adhesion. They copolymerized 
different concentrations of MAA and sodium styrene sulfonate (NaSS) with methyl 
methacrylate (MMA) (MMA content more than 75% for all the studies, in order to 
keep the required physical and mechanical properties for intraocular lens application), 
and investigated the adhesion and proliferation of fibroblast cells. They found that 
there was no influence of the total ionic group content for the range of compositions 
studied, and hence concluded that the observed inhibitory effect is due to the chemical 
composition of the surface exposed to binding proteins and cells, more than to its 
hydrophilic properties. The water contact angle of the surfaces was not reported, but 
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the authors assumed that carboxylate and sulfonate groups in the copolymers 
contribute equally to the hydrophilicity of the surfaces. 
 
Since P(MAA) inhibits cell adhesion, the promotion of osteoblast adhesion and 
proliferation by the Ti-g-P(MAA-Silk) surface is due to silk sericin. The contact angle 
of the Ti-g-P(MAA-Silk) surface was measured to be 35°, which is still lower than the 
pristine Ti surface. Hence, the positive effect of immobilized silk sericin on osteoblast 
adhesion and proliferation is attributable more to its bioactive components than its 
hydrophobicity. Sericin protein is made up of 18 types of amino acids, with serine and 
aspartic acid being the dominant components (Zhang, 2002).  
 
Sericin protein associated with the native silk fibers has been earlier implicated in 
immune response against the fiber. However, a subsequent study has shown that there 
is a lack of macrophage response to soluble sericin, and sericin coated fibroin fibers 
induced a stronger macrophage response to lipopolysaccharide than sericin-coated 
tissue culture plate (Panilaitis et al., 2003). The authors concluded that 
sericin-mediated activation of the macrophages is dependent on its physical association 
with the fibroin resulting in a conformational change or better adhesion by the 
macrophages. In vivo experiments have also shown that sericin does not have 
significant immunogenicity (Zhang et al., 2006; Zhang et al., 2006). 
 
It has also been reported that wounds of rats treated with 8% sericin-containing cream 
(formulated using petrolatum ointment as base) had much smaller inflammatory 
reactions, and wound-size reduction was much greater than in the controls which were 
treated with the cream base without sericin, throughout the inspection period (Aramwit 
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and Sangcakul, 2007). Sericin has been shown to enhance the attachment of primary 
cultured human fibroblasts (Tsubouchi et al., 2005) and accelerate the proliferation of 
several mammalian cells by sericin was also reported (Terada et al., 2002). As 
proliferation of osteoblasts is critical for formation of hard tissue, the above results 
suggest that sericin immobilized on MAA brushes would be helpful for improving 
osteoblasts growth and tissue formation. 
 
6.3.5 Cell Differentiation 
ALP is widely used as an assay for osteoblastic activity, especially osteoblastic 
differentiation (Satsangi et al., 2004; Saldana et al., 2006). ALP activity was measured 
after 7, 14 and 21 days of cell culture on the different substrates, and the results are 
shown in Figure 6-5. From this figure, it can be seen that osteoblasts on 
Ti-g-P(MAA-Silk) showed significantly higher ALP activity than those on pristine Ti. 
In particular, ALP activity of osteoblasts cultivated after 14 days reached a maximum 
on Ti-g-P(MAA-Silk), and is twofold higher than those on the pristine Ti. Since the 
APL activity is normalized by the total intracellular proteins synthesized, the values 
have taken account the difference in cell numbers among the samples. The results 
show that osteoblasts on Ti-g-P(MAA) surface have no significant ALP activity 
increase over the pristine Ti surface. Hence, these results reveal that the silk sericin 
immobilized on the Ti-g-P(MAA-Silk) surface can improve ALP activity of osteoblasts. 
A similar effect has been reported with silk fibroin (Cai et al., 2002; Cai et al., 2007), 






























Figure 6-5 ALP activity of osteoblasts seeded at a density of 50,000 cells/cm2 on pristine 
and functionalized Ti substrates after 7, 14 and 21 days. “*” denotes statistical difference 






6.3.6 Ca Deposition 
The deposition of calcium phosphate based materials on titanium implant devices is 
now generally regarded to be advantageous to enhance bone formation around the 
implants, to contribute to bone fixation and integration, and thus to increase clinical 
success of the implantation (Liu et al., 2004; Kretlow and Mikos, 2007; Narayanan et 
al., 2008). To investigate the Ca deposition properties of the functionalized surfaces, 
the substrates were incubated in culture medium for 21 days, and the results are shown 

































Figure 6-6 Calcium deposition on pristine and functionalized Ti substrates after 
incubation in culture medium for 21 days. “*” denotes statistical difference (p < 0.05) 





It has been widely reported that hydroxyapatite is formed onto Ti, especially its 
hydrophilic derivative surfaces, when they are immersed in simulated body fluid (SBF) 
at 37 oC (Liu et al., 2004; Kretlow and Mikos, 2007; Narayanan et al., 2008). The 
results shown in Figure 6-6 reveal that upon immersion in culture medium, the surface 
chemistry of P(MAA) and Ti-g-P(MAA-Silk) layers significantly increases the rate of 
the spontaneous Ca mineralization over that of the pristine Ti surface. Because of the 
high rate of spontaneous Ca mineralization by the functionalized surfaces, it would not 
be possible to accurately quantify the production of Ca by osteoblasts seeded on these 
surfaces. This is consistent with previous similar findings of Taguchi et al. (Maeno et 
al., 2005), who compared the Ca deposition by osteoblast-encapsulated type II 
collagen gels and the cell-free gels. They found Ca deposition did not occur in Ca-free 
media, despite cell-encapsulation. However, when the gels were soaked with 5mM of 
Ca2+, Ca deposition occurred regardless of cell-encapsulation, although the rate of Ca 
deposition was slightly higher in cell-encapsulated gels than that in cell-free gels. The 
Ca deposition results (Figure 6-6) were obtained without cells to show that P(MAA) 
enhances spontaneous Ca deposition from the culture medium. Thus, while the 
Ti-g-P(MAA) and Ti-g-P(MAA-Silk) surfaces have similar Ca deposition, the 
enhanced osteoblast adhesion, proliferation and ALP activity of the latter would 
indicate higher potential for osseointegration in vivo. 
 
6.3.7 Antibacterial Properties 
The bacterial adhesion properties of pristine and functionalized Ti substrates were 
examined via fluorescence microscope imaging. The distribution of viable and dead 
bacteria on the surface of the substrates, after immersion in a S. aureus and S. 
epidermidis suspension of 107 cells/mL for 5 h at 37 oC, was observed via staining with 
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a combination dye (shown in Figure 6-7 and 6-8, respectively). The dye consists of 
propidium iodide (PI) and SYTO 9, which can diffuse into the bacterial cells and 
fluoresce upon binding to nucleic acids (Rowan et al., 2002; Gray et al., 2003). SYTO 
9 is membrane permeable and therefore stains both viable and non-viable bacteria 
(green fluorescence), whereas PI has a higher affinity for nucleic acids (red 
fluorescence) but is rejected from viable bacterial cells by membrane pumps (Rowan et 
al., 2002; Gray et al., 2003). Thus, under the fluorescence microscope, viable bacteria 
(appear green) and dead bacteria (appear red) can be distinguished. The images reveal 
that there is a clear distinction between the number of S. aureus or S. epidermidis cells 
on the pristine Ti and that on the functionalized substrates. Substantially more viable 
bacteria (stained green) were attached on the pristine Ti surface (Figure 6-7(a) and 
6-8(a)) in comparison with Ti-g-P(MAA) and Ti-g-P(MAA-Silk) (Figure 6-7(c) and 
6-8(c), 6-7(e) and 6-8(e), respectively). 
 
Because the fluorescence images can only provide qualitative information about the 
effect of the functionalized surfaces on bacterial adhesion, the viable bacterial cells on 
different substrates were also counted after detachment from the surfaces. The 
quantitatively determined densities of S. aureus on the different substrates after 5 h 
cultivation (Figure 6-9(a)) showed good agreement with the trend observed 
qualitatively in the fluorescence microscopy investigations (Figure 6-7). The results 
show that the number of viable S. aureus cells on the Ti-g-P(MAA) and 
Ti-g-P(MAA-Silk) substrates have decreased by about threefold from those on the 
pristine Ti. The decrease in the number of S. epidermidis cells on the Ti-g-P(MAA) 
and Ti-g-P(MAA-Silk) substrates is also significant (Figure 6-9(b)). The decrease in 
bacterial cells on the Ti-g-P(MAA) and Ti-g-P(MAA-Silk) surfaces can be attributed 
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Figure 6-7 Fluorescence microscope images of (a) and (b) pristine Ti, (c) and (d) 
Ti-g-P(MAA), (e) and (f) Ti-g-P(MAA-Silk) surfaces after exposure to a suspension of 













Figure 6-8 Fluorescence microscope images of (a) and (b) pristine Ti, (c) and (d) 
Ti-g-P(MAA), (e) and (f) Ti-g-P(MAA-Silk) surfaces after exposure to a suspension of 















































Figure 6-9 Number of adherent of (a) S. aureus and (b) S. epidermidis cells per cm2 on 
surfaces of pristine and functionalized Ti substrates. “*” denotes statistical difference (p 
< 0.05) between the samples and the control experiment (pristine Ti). 
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As there is a growing need for alternative approaches to circumvent the limitations of 
antibiotics therapies, two approaches have been developed: materials with 
antimicrobial properties and materials with anti-adhesive properties (Spencer, 1999). 
The first approach involves materials containing bactericidal substances that are 
incorporated into or bound to the biomaterial surfaces (Jose et al., 2005; Chen et al., 
2006; Oyane et al., 2006; Shi et al., 2007; Chua et al., 2008). The other approach is the 
modification of substrate materials with the anti-adhesive polymers to prevent the 
adhesion of bacteria, thus, inhibiting biofilm formation and infection (Kingshott et al., 
2003; Harris et al., 2004; Rose et al., 2005; Maddikeri et al., 2008). 
 
To determine whether the decrease in bacteria on Ti-g-P(MAA) and Ti-g-P(MAA-Silk) 
surfaces resulted from the bactericidal or anti-adhesive effect of the surfaces, the 
number of viable bacteria in suspension after contacting with the surfaces was counted. 
After 5 hours of shaking and incubation, the number of viable bacteria was determined 
by the spread plate method, and expressed relative to that obtained with the pristine Ti 
surface (see Figure 6-10). It can be seen from Figure 6-10(a) and 6-10(b), that there is 
no statistically significant difference in the number of both S. aureus and S. 
epidermidis cells when the different surfaces were used (p > 0.05). Therefore, the 
reduction in bacteria count on the Ti-g-P(MAA) and Ti-g-P(MAA-Silk) surfaces 
reported in Figure 6-9 is due to the anti-adhesive properties of the surfaces, rather than 
bactericidal properties.  
 
Bacteria adhesion is the first step in bacteria colonization and subsequent biofilm 
formation. Whether bacteria can develop infection or form biofilm largely depends on 
the concentration of adhered bacteria. When the bacteria concentration is above 105 
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microorganisms per gram of tissue, the host immune defense is threatened with a high 
risk of infection (Ruedi and Murphy, 2000). Wounds successful close without infection 
if counts are less than this (Pasaoglu et al., 1995). If the number of bacteria adhered 
can be significantly reduced, the chance of biofilm formation will be greatly reduced 
or even prevented. It is also important to note that in the bacterial adhesion assay, 
concentration of 107 cells/cm2, about 100,000 times typical counts on human skin (100 






































Ti Ti-g-P(MAA) Ti-g-P(MAA-Silk)  
Figure 6-10 Number of (a) S. aureus and (b) S. epidermidis viable cells in suspension 
after contacting with pristine and functionalized Ti substrates for 5 h. The number of 
cells was expressed relative to that after contacting with the pristine Ti. No significant 





In the present study, the P(MAA) brushes behave as the anti-adhesive polymer, and 
play an important part in reduction of bacterial adhesion on the Ti-g-P(MAA). As early 
as 1991, Harkes et al. (Harkes et al., 1991) found that polymers from copolymerization 
of methyl methacrylate (MMA) and methacrylic acid (MAA, 15% molar ratio) can 
significantly inhibit bacterial adhesion compared with those of the MMA 
homopolymers. They also found that higher numbers of bacteria adhered to positively 
charged surfaces than on uncharged (hydrophilic) and negatively charged substrates. 
Thus, they concluded that electrostatic interactions played an important role in the 
adhesion process. Yang et al. (Yang et al., 2003) later studied the number of viable 
bacterial cells after coming into contact with P(AA) grafted polypropylene nonwoven 
fabric. They found that the viable cell number decreased with increasing acrylic acid 
grafting content; hence they believed that the increased hydrophilicity of the modified 
nonwoven fabric enhanced the antibacterial activity. Recently, Anagnostou et al. 
investigated the effect of MAA and sodium styrene sulfonate (NaSS) on S. aureus 
adhesion and osteoblast functions of P(MMA)-based polymers (Anagnostou et al., 
2006). They reported significant synergic effect of P(MAA) and P(NaSS) on inhibition 
of S. aureus adhesion. It should be mentioned that the difference between the number 
of bacteria on Ti-g-P(MAA) and that on Ti-g-P(MAA-Silk) is not significant (p > 0.05) 
(Figure 6-9), although the contact angle of the Ti-g-P(MAA-Silk) surface (35°) is 
higher than that of Ti-g-P(MAA) (8°). The results thus show that with the immobilized 
sericin on the P(MAA) chains, the anti-adhesive properties of P(MAA) brushes 
towards bacteria are still retained. 
 
It should be noted that, on one hand, the P(MAA) brushes act as a linker for 
immobilization of silk sericin, and on the other hand, the brushes can effectively 
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inhibit the bacterial adhesion. It is also interesting that the Ti-g-P(MAA-Silk) 
substrates interact differently with osteoblast cells and bacteria, i.e. adhesive to 
osteoblast cells but inhibiting bacterial adhesion, a property which is considered to be 




Titanium substrate surfaces were modified via a simple route: immobilization of ATRP 
initiator on the titanium surface, surface-initiated ATRP of MAAS, followed by the 
attachment of silk sericin on the poly(MAA) brushes. Significant inhibition of S. 
aureus and S. epidermidis adhesion on the P(MAA) and Ti-g-P(MAA-Silk) surfaces 
was achieved. On the other hand, enhanced proliferation and growth of osteoblast were 
achieved simultaneously on the Ti-g-P(MAA-Silk) surfaces. The results showed that 
the desirable properties of both the P(MAA) brushes and the immobilized silk sericin 
protein could be combined, preserved, and imparted on the Ti surfaces, that is, the 
P(MAA) brushes serve to inhibit bacterial adhesion while the silk sericin protein 
enhances osteoblast attachment, proliferation, and ALP activity. Thus, such P(MAA) 
and silk sericin functionalized surfaces prepared via surface-initiated ATRP possess 
the two important functions simultaneously, and are useful for the fabrication of 
titanium-based biomedical devices for prevention of biofilm-related infections and 
enhancement of tissue integration.
  
 
CHAPTER 7  
CONCLUSIONS      . 
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Because of its good biocompatibility and mechanical properties, titanium has attracted 
considerable attention and interest, especially the surface-modified titanium implants 
for acceleration of bone formation and reduction of bacterial infection. Among the 
different surface modification techniques, surface-initiated atom transfer radical 
polymerization (ATRP) has been used increasingly in biomaterial modifications. The 
ATRP technique allows polymerization of functional monomers and hence provides a 
high density of binding sites (compared to self-assembled monolayers, SAMs). 
Moreover, the versatility of the technique for modification of titanium surfaces has 
been demonstrated in terms of functionality, flexibility and stability.  
 
An ATRP initiator monolayer was first immobilized on the oxidized and hydrated 
titanium (Ti-OH) surface, via the action of a trichlorosilane coupling agent, to allow 
the subsequent surface-initiated ATRP for producing functional polymer and block 
copolymer brushes. The present surface-initiated ATRP allowed the preparation of 
Ti-polymer hybrids with well-controlled surface hydrophilicity and good hydrolytic 
stability. The “dormant” chain ends of the polymer brushes on the Ti surface could be 
used as macroinitiators for further functionalization of the hybrid surfaces via block 
copolymerization, to produce alternate polymer layers having different functionalities. 
The Ti-polymer hybrids prepared via surface-initiated ATRP thus combine the 
advantage of titanium (high mechanical strength) with the advantage of the grafted 
polymer chains (chemical/biological compatibility and functionality). Although the 
main focus of this thesis is on surface modification of Ti for bone contacting implants 
and devices, it is noteworthy that Ti-g-P(PEGMA) surface prepared in Chapter 3 is 





The functionalities of Ti-polymer hybrids, which are prepared via surface-initiated 
ATRP, can be further enhanced for bone-contacting Ti-based devices. Through 
immobilization of antibiotics or quaternization of the polymer chains containing 
tertiary amines, as well as through coupling of collagen, two extreme functionalities, 
viz., antimicrobial and cell proliferation functions, can be imparted on the Ti surfaces. 
Almost complete inhibition of S. aureus growth on the quaternized or 
antibiotics-immobilized Ti-polymer surfaces was achieved. On the other hand, 
enhanced attachement and proliferation of both the fibroblast and osteoblast were 
achieved on the collagen-coupled surfaces. Surface-initiated ATRP provides a simple 
and effective route to the functionalization of titanium surfaces, and the process is 
potentially useful to the fabrication of titanium-based medical and biomedical devices 
with antimicrobial property or enhanced biocompatibility. These procedures showed 
two improvements for bone-contacting Ti-based implants or devices, i.e. enhanced 
mammalian cell adhesion and proliferation, and inhibition of bacteria; however, they 
were achieved on different substrates. 
 
To simultaneously improve mammalian cell adhesion and proliferation, and to reduce 
antibiotics resistant and adhesion-mediated infections, titanium substrate surfaces were 
functionilzed by two bioactive molecules, viz., heparin and silk sericin. Dopamine or 
polydopamine was coated on the titanium surface, followed by immobilization of 
heparin on the dopamine or polydopamine layer. Significant inhibition of S. aureus and 
S. epidermidis adhesion on the Ti-dop-hep and Ti-polydop-hep surfaces was achieved. 
On the other hand, enhanced proliferation and growth of osteoblast were achieved 
simultaneously on the Ti-dop-hep surfaces. The results show that the desirable 
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properties of both the dopamine layer and the immobilized heparin protein can be 
brought on the Ti surfaces synergically, with dopamine improving osteoblast 
attachment and proliferation, and the heparin inhibiting bacterial adhesion but 
enhancing osteoblast ALP activity. This modification route is relatively simpler than 
those involving immobilization of antibiotics and collagen as described above, but can 
achieve the two main objectives of bone-contacting devices on the same substrate. 
Nevertheless, the problem with this route is associated with the biphasic, concentration 
dependent effect of heparin on attachment and proliferation of osteoblasts.  
 
In another attempt to achieve two main objectives of bone-contacting devices on the 
same substrate, silk-functionalized titanium substrate surfaces were prepared by 
surface-initiated ATRP of methacrylic acid sodium salt (MAAS) on the titanium 
surface, followed by the attachment of silk sericin on the poly(MAA) brushes. 
Significant inhibition of S. aureus and S. epidermidis adhesion on the Ti-g-P(MAA) 
and Ti-g-P(MAA-Silk) surfaces was achieved. On the other hand, enhanced 
proliferation and growth of osteoblast were achieved simultaneously on the 
Ti-g-P(MAA-Silk) surfaces. The results showed that the desirable properties of both 
the P(MAA) brushes and the immobilized silk sericin protein could be combined, 
preserved and imparted on the Ti surfaces, with the P(MAA) brushes serving to inhibit 
bacterial adhesion and the silk sericin protein to enhance osteoblast attachment, 
proliferation and ALP activity. Thus, the Ti-g-P(MAA-Silk) surfaces, which are 
prepared via surface-initiated ATRP of MAA and subsequent conjugation of silk 
sericin, possess the two important functions simultaneously, viz., enhances bone cell 
function while decreasing bacterial adhesion. Hence, they are potentially useful for 
prevention of biofilm-related infections and enhancement of tissue integration. The 
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intrinsic osteoblast promotive effects of silk sericin together with the immobilized high 
surface density of the bioactive molecules obtained by ATRP produces surface with  




CHAPTER 8   
RECOMMENDATIONS FOR FUTURE RESEARCH 
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The present work has demonstrated surface functionalization of titanium substrates to 
impart desired properties for biomedical applications. In view of the findings, the 
following recommendations are presented. 
 
Co-Culture Experiments on the Silk-Functionalized Titanium 
 
In Chapter 6, the as-fabricated silk-functionalized titanium substrates can prevent 
biofilm-related infections and at the same time, enhance osteoblast attachment, 
proliferation and ALP activity. Since all of the experiments were performed under in 
vitro conditions, when applied to in vivo systems, additional challenges can be 
anticipated. For example, it is reported that sericin-mediated activation of the 
macrophages is dependent on its physical association with the fibroin resulting in a 
conformational change or better adhesion of the macrophages (Panilaitis et al., 2003).  
 
Moreover, while in vitro studies indicated that osteoblasts have the ability to adhere 
and proliferate on modified Ti surfaces, it is still uncertain that they would do so in 
vivo. As shown in Figure 2-2, due to the foreign body reaction, neutrophils and 
macrophages normally interact with the implanted material before any osteoblast 
approaches the material surface. The macrophages cannot phagocytose the implanted 
body, thus they fuse together to form multinucleated foreign body giant cells and 
finally form a fibrous capsule around the implant (Ratner and Bryant, 2004). In other 
words, there is a competition of adhesion between osteoblasts and various cells of the 
immune system. The competition of adhesion is a critical step in cell response, and it 




Before carrying out any vivo experiments, co-culture of macrophages and osteoblasts 
(Hendriks et al., 2007; Valles et al., 2008) could be performed on silk-functionalized 
titanium surfaces, to investigate the functions of osteoblasts in the presence of 
macrophages, and also to confirm that the particular sericin conformation present on 
the titanium substrates does not have significant immunogenicity. 
 
Investigation of Interaction between Sericin and Osteoblast 
 
In Chapter 6, the positive effect of immobilized silk sericin on osteoblast adhesion and 
proliferation was attributable more to its bioactive components (18 types of amino 
acids, with serine and aspartic acid being the dominant components (Zhang, 2002)) 
than to its hydrophobicity. An earlier study (Minoura et al., 1995) had speculated that 
the improved attachment of fibroblasts on sericin was due to electrostatic interaction 
between the cells and the substrate rather than bio-specific interactions with a receptor. 
However, the interaction and mechanism is not clear at this stage. It will be beneficial 
to further investigate the nature of interaction between osteoblasts and the amino acid 
units of sericin, via centrifugation cell adhesion assay (McClay and Hertzler, 2001; 
Reyes and Garcia, 2003) or more advanced atomic force microscopy (AFM) probing 
techniques (Dupres et al., 2005). 
 
The centrifugation assay applies controlled and uniform detachment forces to a large 
population of adherent cells, providing robust statistics for quantifying cell adhesion. 
On the other hand, AFM with tips bearing the biologically active molecules, not only 
can measure the specific interaction forces between cells and substrate, but also map 




Combination of Topography and Chemical Composition 
 
Throughout this work, research has been focused on modification of the chemical 
composition of the Ti surface. Nevertheless, it should be noted that the 
micro-architecture of the implant material, particularly at the surface, is a crucial factor 
that influences the osseointegration of the implant. Smooth implants result in densely 
packed, well-organized fibrous capsules, whereas rough and porous implants lead to a 
less dense, more open structured fibrous capsule (Brauker et al., 1995), which 
facilitates the diffusion of small molecules across the fibrous capsule to the implant 
(Sharkawy et al., 1997; Sharkawy et al., 1998). Osseointegration has been found to be 
better around rough Ti implants than that around smoother surfaces (Cochran et al., 
1996). In fact, implant manufacturers have also started to consider modifying surfaces 
so that the roughness is in a dimension that can be sensed by individual cells. The 
average size of an osteoblast is about 10 micrometer. Thus, in order for any individual 
cells to sense the surface roughness, the arithmetic average roughness, Ra of the 
surface should not significantly greater than 10 micrometer(Brunette et al., 2001). The 
chemical composition modification techniques presented in this work could be 
combined with topography modification techniques, such as sandblasting (Buser et al., 
1999), alkali etching (Lee et al., 2002), sphere-templating (A. J. Marshall and B. D. 
Ratner, 2005) or photolithography (Bryant et al., 2007), to further improve the 
osseointegration performance of the implant.  
 
It is important to note that the roughness of titanium are generally determined by the 
manufacturing process, such as machining, acid etching, blasting or combinations, 
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which produce only random topologies with less controlled roughness. In contrast, 
those micro- and macro-patterned surfaces produced using photolithographic 
fabrication techniques are promising to analyze and understand cellular responses 
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